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PREFACE 

No attempt has been made to make this work a text-book on dea^ in 
the sense that it should give the fundamentals on which the design and 
construction of parts of a hydroelectric system are based. It is, on the 
other hand, a compilation of the practical and essential features of design, 
construction and operation as worked out in many plants and systems, in- 
terpreted and arranged for convenient use and reference by plant designers, 
constructors and operating engineers. Unhke the usual handbook, it 
explains how certain results have been obtained under particular condi- 
tions and deals with the unusual as well as the general run of conditions in 
both construction and operation. To carry out the aim of the text, there- 
fore, the authors have drawn liberally on published experiences and soli^ 
tions of system problems and those features of plant layout essential to the 
subject matter treated. When the t^Et is critically analyzed, apparent 
glBfie may appear. For instance, the design and construction of dams and 
complicated station and large substation structures have been omitted. 
This has seemed advisable since these are specialized fields of engineering 
calling for particular and individual consideration by a specialist who need 
not be essentially an electrical engineer or operator and therefore outside 
the scope of this work. Likewise specifications for apparatus and detaib 
of equipment have been given only brieBy.for the reason that the engineer 
who will find this book of value will be in possession of this information and 
will find the information recorded of greatest use as a guide in formulating, 
arran^g and comparing plans and specifications, operating results and the 
like, with the actual results worked out in particular cases. The material 
in Chapters I, II, III and VI has been largely supplied by Mr. Taylor, in- 
terpreted and supplemented from his own experience in plant work. For 
a large part of the material in the remaining chapters the authors are in- 
debted to the American engineering journals, which are credited throi^h- 
out, particularly the EUctricdl World, from the columns of which descrip- 
tions of plants and results of system investigations and other data have 
been liberally drawn. 

Acknowledgment is especially pven to L. N. Crichton of the Westing- 
house Electric and Manufacturing Company for the material on installa- 
tion of protective relays in Chapter VI, which was taken with his per- 
mission from a most practical article by him in the Electric Journal. The 
authors are likewise grateful to T. A. WiUdmion, of the Westinghouse 
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Church Kerr and Company, for permis^on to use a copyr^hted trans- 
mission line chart devised by him and a description of hia methods for 
calculating transmission problems. In addition the authors desire to ac- 
knowledge an indebtedness to E. P. Peck of the Geoi^ Rwlway and Power 
Company, to M. M. Samuels of the J, G. White Engineering Corporation, 
to C. A. Mees, formerly designing engineer of the Southern Power Com- 
pany, and to C. B. Bennett, formerly with C. 0. Lenz as consulting en- 
gineer, for material incorporated in this book that has been the result of 
elaborate invest^tiona and research in operating problems. Credit ia 
also given here to all the other enjpneers whose names appear in the text 
as investigators and originators of data and information to which 
reference has been made. To A. M. Perry of the editorial staff of the 
Electrical World acknowledgment is made for helpful suggestions in arrai^- 
ing the material and for afisistance in reading the proof. 

Nbw Yobk CiTt William T. Taylor 

January, 1917 Daniel H. Bratuer 
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HYDROELECTRIC PRACTICE 



GENERAL SURVEY OF WATER-POWER ENGINEERING 

In the investigation of water-power sites, a factor which deserves more 
attention than has usually been accorded to it, is the variation of rfunfall 
and run-off in different parts of the same watershed or of adjacent water- 
sheds. The time has come when favorably located water-power sites with 
' abundant water are growing increasingly valuable, and the problem before 
the hydraulic engineer is to make available the largest possible proportion 
of the runfall in the territory in which be is working. It is found often 
that the actual average rainfall over a con^derable term of years varies 
considerably at points on the same watershed or even on the same stream 
not many miles apart. To get the most out of the stream, therefore, stor- 
age space should, if possible, be arri^iged so as to take advantage of the 
points of maximum rainfall and presumably maximum run-off. In prop- 
erly utilizing a given watershed, as can often be done by a group of allied 
transmission plants, profitable advant^e can be taken of local variation. 
In some instances this has already been done with admirable effect, al- 
though, as a rule, insufficient care is exercised in investigating the question. 
Proper study may show that it is advisable to utilize the flow which ac- 
cumulates in a given stream not at the obvious points by a single plant, but 
at two or three points so chosen that the waste-flow may be a minimum. 

In several of the largest hydroelectric systems which have been devel- 
oped in this country the steadying effect of distributed generating stations 
is very clearly shown, even though the stations themselves have not been 
planned directly with reference to conjoined operation. Only a beginning, 
however, has been made to operate along these lines, and it is quite possible 
to carry it so far as to reduce the waste-water to a very modest amount, 
except in brief periods of extraordinary floods. 

Where storage is impracticable a careful analysis of measurements of 
stream flow extending over many years' time is absolutely necessary to 
properly estimate the water-power available. In some part of a lat^ 
watershed, however, there usually can be found some natural basin for 
storage of water or an artificial basin may be created to equalize the stream 
flow as compared with the rainfall; Such a basin is always of great value 
in r^ulating stream flow, particularly for medium and high-head plants 
and even low-head plants. Practically all plants located in industrial 
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centera have penods of low load or no load during the n^ht, hence the 
water may be stored up for the peak load requirements of the day, and in 
this manner perhaps 0.5 day sec. ft. of water can be stored over night to 
give twice the amount of water-power for 10 hours' daily use, 

Ftow-Summation Curves. — ^The amiual rainfall variations are much 
greater in some localities than in others. The run-off is that percental 
of the nunfall, or inches or feet in depth, which actually gets into the 
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stream (see Fig. 1). It may be said that the relationship of. (a) available 
rainfall to (t) total nunfall varies about as follows: 

Solid flUt^ stone, or graiiite with at«ep alopee 100 per cent. 

Cultivated luid pasture land, moderate dope SO to 65 per cent. 

Cultivated and pasture land, fl&t country 4S to 35 per cent. 

These figures are affected by the amount of r^nfall, the porosity of the 
ground, the slope of the ground, the surface growth, the temperature and 
humidity erf the air. 

So many elements affect the storage of water in a watershed that it is 
difficult to make at all accurate estimates as to what daily or monthly run- 
off is to be expected in comparison with the rainfall. The annual ratio of 
rainfall to run-off is, of course, always more uniform. Where the ftnnnAl 
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GENERAL SURVEY OF WATER-POWER ENGINEERING 3 

run-off of a stream is ractremely variable and storage water is to be carried 
over in a basin or reservoir from one year to the next, such questions as 
proper r^ulation of stream flow and storage are better solved by means 
of the summation curve method, thus doing away with much tiresome calcu- 
lation, and solving difficult problems almost at a glance. By its use 
many such rather difficult problems as the following can be quickly solved: 
(a) Having the mean hourly or daily discharges of a stream, how large a 
reservoir is required to obtwn maximum r^ulated flow? (b) Having a 




Hg. 2. — Elow-Summation Curve for Storage and Stre&m Regulation 



certain reservoir capacity and the mean hourly or d^ly discharges of a 
stream for a period of months or years, what is the maximum regulated flow 
which can be obtained for water-power? (c) Having the mean diuly dis- 
charges of a stream, a certain portion of which is already appropriated for 
direct use for irrigation, how much of the stream flow is available as ston^e 
for water-power purposes? A summation curve (summation of the mean 
duly discbaifies) for a ^ven case is shown in Fig. 2. 

Take the case of a medium size and medium-head hydroelectric develop- 
ment offering storage features by use of a natural lake which has an area 
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of 3.1 sq. miles, or 86,423,040 sq. ft., requiring 20 ft. in depth at this ar«ft to 
provide for the required storage. Water meaauremeDta for eight months 
and an estimate for the remaining four months give a yearly run-off of 
21,757,000,000 cu. ft., and as the drunage (catchment) area is 32.4 sq. 
miles, this run-off amounts to 24 ft. (288 in.), or an equalizing annual Bow 
of 689 cu. sec. ft. However, the initial plant requires only 300 cu. sec. 
ft., equivalent to a run-off of 10.4ft. (124.8 in.) (see Fig. 1). To be certain 
of 300 cu. sec. ft. continuous Bow, a lake is drawn on by tapping with a tunnel 
to a depth of 12 ft., and the spillway from the lake closed, thus raising the 
hike level 25 ft., giving an available storage of 12-|-25 = 37 ft. There are 
two steel pipe lines, each of 60 in. diam. and 2000 ft. in length. The 
velocity of flow in each pipe is 8 ft. per sec. The head-loss is 4.5 ft. for the 
2000ft. of pipe, or 2.25 ft. per 1000 ft. The pipes are 0.187 in. thick at their 
upper ends and 0.75 in. thick at their lower ends. The power-house is 
situated 535 ft. below the lake. It contains one 5,000 kw. unit direct con- 
nected to a water turbine utilizing 300 cu. sec. ft. with provision for a dupli- 
cate unit. 

From actual stream-Sow measurements taken at r^ular time-periods in 
second feet (cu. ft. per sec.) units of flow, the following figures were ob- 
tained, the summation of which may be reduced to imits of day second feet 
(sec. ft. flow during 24 hour8= 1.9835 acre ft.), or any other convenient 
units of flow and a summation curve plotted. The elements of such a 
curve are shown in Fig. 2. 

The following physical data is for a certain development to which the 
flow-summation curve application refers: 

Drainage Area •-32.4 sq. miles. 

Annual Run-off -21,757,000,000 cu. ft. 

-288 in. run-off. 

—689 sec. ft., annual etream flow. 

- 124.8 in. Tun-oS. 

-9,460,800,000 cu. ft. 

-2,510,210,200 ou. ft. 



Table 1. — Strbau-flov Mbasurbiientb for a Fabticulab SrPB. 




MaAIDBED 






M<nrFU o» ih« TBiB 


SthukFlow 


worn 300 Bkc. Ft. 


N*TITBiL L»M 


January 


324,187,200 


803,520,000 


479,332,800 


February 


283,046,400 


727,760,000 


442,713,600 


March 


374,976,000 


803,520,000 


424,544,000 


ifS" 


352,512,000 


777,600,000 


426,088,000 


1,154,390,000 


803,520,000 




June 


2,947,104,000 


777,600,000 




July 


6,340,729,600 


803,520,000 




August 


4,860,492,480 


803,620,000 






4,473,792,000 


777,600,000 




Ortober 


803,520,000 


803,520,000 




November 


518,400,000 


777,600,000 


259,200,000 


December 


324,187.200 


803,520.000 


479,331,800 
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Htdroelkctric Developubnt Costs: 

OoBing of BpiUways from lake (10,000 

Tapping of lake 6,000 

Pjpe lincfl (two 60 inch) with head-eatae 93,600 

Power^rouae with two 5,000 kw. umta complete 250,000 

Contingmdes and incidentals 3,000 

CoDBtruction ^Unt 13,880 

Total coat »375,480 



OpiiRATtNa CosTO (yearly coetB): 

General eitpenBe $6,000 

Labor for operation 6,000 

S\q)pli^etc. . 4,000 

Total coat of operation $16,000 

Then, 

$16,006+10,000-11.60 per kw. year. 

mrArinir fntw-x-^u «^»«w,„.,«.>-, *». ..,»,^ 

per kw. year, or $3.45 per hp. 



Layout and Use of Flow-Summatioii Curve. — In Fig. 2 the flow measure- 
mente which represent the total quantity of water per 24 hours (sec. ft.) 
are plotted as ordinates, the units of time being plotted as abscissas; that 
is, the sum total of any date represents the total quantity of water which 
has flowed past the gaging station up to that date and is shown by the run- 
off curve. Let us assume, for example, that the rate of discharge is uoi- 
form; that is, in the case given the uniform rate of regulated flow is for 
300 sec. ft. Then by applying the curve for uniform rate of discharge as a 
talent to the summation curve at A it can be shown that for this par- 
ticular curve the stream from about the beginning of month (1) began 
to discharge less than this flow and did not lise above that quantity until 
about the middle of month (7), 

Let OA represent the measured stream flow, which is, as stated above, 
that percentage of the rainfall or inches depth of run-off which actually 
gets into the rivers or streams; OB is the required regulated flow. Start- 
ing with a full reservoir in month (1), the summation curve shows that the 
streiun flow is below the required regulated flow OA', parallel to OB, and 
that the cross-hatched area shows the amounts of storage required to 
maintun the r^^ulation. Plotting these required amounts below the high- 
water level of the reservoir (in the storage diagram), the storage curve abc 
is obtained, showing the behavior of the reservoir during the uniform rate 
of discbarge for power purposes. At C the summation curve shows that 
the stream flow is above the required regulated flow; consequently CDA', 
the cross-hatched section, represents the amount of water which can be 
stored until the reservoir is full (see the storage curve dd', ee', and #*). 



,Goo»^lc 



6 HYDROELECTRIC PRACTICE 

CoDtinuing this plotting of the Bummation curve as A'E, A" F, A" 0, etc., 
the quantity of water going to waste (pasung over the reservoir spillway) 
is obtfuned, which is shown at ghi and j. If it is desired to know how large 
a reservoir is required to obtain a mftximiiTn regulated flow, knowing the 
mean discharges of the stream, the line CC may be drawn from which the 
ordinate AC represents the capacity of the reservoir necessary to effect 
maximum regulated flow when u^ng all the water avulable. The line 
EC shows the quantity of water taken from the reservoir for irrigation 
purposes, and Sg the quantity of water from the tail-race which is also 
avEulable for irrigation purposes. To obtain accurate results, the summa- 
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Fig. 3. — Storage Capunty in AcrMeet and Kilowatt-hours for Various Heads in Feet 

tioQ curve should be plotted to a large scale and as flat as possible, so tliat 
the point of tangent for slopes of different ratios of flow can be readily 
detected. 

To gain the fullest advantage, provision must be made for feeding energy 
to a network mainly from one or another of its generating stations accord- 
ii^ to the hydraulic situation. What is true of plants operating on a 
ui^le watershed is doubly true of plants operating on separate watersheds, 
in which the flow may differ very widely. In either case it may readily 
happen that two streams of very different hydrauUc quality can be united 
to their mutual advantage, as, for example, when one stream is fed largely 
by springs and diffuse drainage and another by melting snow. The plaota 
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of a system should be operated as a whole, shifting the load whenever it 
will save water. 

Valne of Water Sttnage. — ^The value of water storage for hydroelectric 
purpoees is daily becomii^ of greater hnportance. With a stream' flow of, 
say, 60,000 cu. ft. per min., assuming that the head with this flow remains 
fixed for 10 hours during the 24 hours of each day, if a storage reservoir be 
built large enou^ to retfdn the 60,000 min. ft. flow for 14 hours during the 
24, the turbines m the generating station will be in a position to develop 
the stored enei^ of the water for the 10 hours and also the amount flowing 
during the 14 hours. 

The actual importance of water storage is better understood from prac- 
tical examples. Assume a dam which provides a water apace of 50 acres 
and a mean depth of 10 ft. to be drawn on, the average head of plant b«ng 
1,500 ft. What kw. capacity does this represent for 10 hours' operation? 

With water used at 100 per cent, efficiency, one acre ft. of water under 
one ft. head equals 1.025 kw. hr. Then, 

10X1,500X1.025=15,375- kw. hr. per acre of storage capacity, or 
15,375X50-768,750 kw. hr. 

for a storage capacity of 50 acres at 10 ft. mean depth, which at 65 per cent, 
efficiency (hydroelectric) ia (see Fig, 3) : 

768,750X0.65=499,687 kw. hr. or practically 500,000. Then for 10 
hours' operation, we have 

768,750-i- 10=76,875 kw. available capacity at 100 per cent, efficiency 
of water, or 

76,875X0.65=50,000 kw. at the hydroelectric efficiency of the plant, 
or 67,000 hp. 

By expressing kw. hr. and hp. hr. m terms of cubic feet of water stored 
we obtain the foUowii^ formulse, 



Kw. hr.- 



jgiflfi *D*i ^P- ^^- " 31 ggQ at 100 per cent, efficiency, 

where (») is the amount of water in cu.ft. stored for use and (ff) is the 
avenge head of the plant. Thus, for the above example we find the stored 
energy to be as follows, considering: one acre ft. per second is equal to 
43,560 sec. ft., and for the 50 acres in question, assuming hydroelectric 
efficiency at 65 per cent., we have, 50X43,560=2,178,000 sec. ft., hence: 

1,500X2,178,000X0.65 ^™,, 

42:466 ^'^ ^• 

and 

1,500X2,178,000X0.65 „- ^nrt ;. 

3t;^o ""■'^ ^^- 

The unit of flow most used is that of cubic feet per minute or per second. 
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8 HYDROELECTRIC PRACTICE 

In view of this a aeries of curves has been plotted (Fig. 4) showing electrical 
energy in kw. per cu. ft. per minute for various hydroelectric efficienciea 
ranging from 50 per cent, to 100 per cent, under varying heads in feet. It 
will be noted that the position of these curves remains fixed for any lower or 
higher values, as in Table 2. 



Table 2.— Ensrot SrcmiiD in Watbb 




Hub IB Ft. 


HP. Hb. Valuu 


Kw. Hi. Viujw 


K«. IN Wiirai 


XO 
100 
1000 


13,75 
137.50 
1376.00 


10.25 
102.50 
1025.00 


0.0141 
0.141 
1.41 


IS 

ISO 
1600 


20.62 
206.20 
2062.00 


16.37 
153.70 
1537.00 


0.0212 
0.212 
2.12 


32 
320 
3200 


44.00 
440.00 
4400.00 


32.80 
328.00 
3280.00 


0.0452 
0.462 
4.52 


S6 

sso 

6600 


75.62 
768.20 
7662.00 


56.37 
563.70 

5637.00 


0.0777 
0.777 

7.77 



(Values are for 100 per cent, efficiency) 
irfiere Kw. hr. values = 1.025 HXb' 

and Hp. hr. values = 1 .375 ff X »' 

and Kw. in water =HXs'-i-707.7 

Hp. in water =/fX«' -5-528 

The factor a' ie for acre ft. values, and a' is cu. ft. per minute. 

BffectiTe Head. — In Rg. 5 the total head is shown as O'H' and the 
rffeotive head somewhat leas indicated as OH. When the value of OH is 
known, the velocity and the discharge can be calculated. To arrive at the 
value of OH the head lost must be ascertained. When a pipe line is to be 
con^dered, the friction of the pipe causes the greatest loss of head and is 
quite independent of the inclination of the pipe. There are also minor 
losses, such as loss of head due to velocity and entry loss. The former is 
best explained as a loss in causing the water to take up the velocity in the 
pipe or in enei^ of motion, 

o»/2ff-u*/64.4; hence ff.-i^X 0.0155. 
The entry loss varies in amount with the form of the orifice. The theo- 
retical velocity with which water flows from an orifice in the side of a reser^ 
voir or vessel at a depth B from the surface is the same as that of a body 
falling freely by gravity from a height H so that, v^ \'2gH. In practice, 
however, the converging currents produce contraction of the jet of water 
and the velocity of discharge is modified. Thb is taken into consideration 
by the use of a proper coefficient whose value varies with the nature of the 
orifice. 
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From a general form of Beraoulli's theorem the following equation is 
derived for the total bead at any point, 
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where p is the pressm'e head or the height of a column of water necessary to 
produce the pressure 
at the point; e is the 
elevation of the point 
above an arbitrary da- 
tum plane, and tfl/2g 
the velocity head aa 
already explwned. Ac- 
cording to Bernoulli's 

theorem, for a steady f^g 5.— Total and Effective Heads of a Development 
flow from an up-stream 

poation n to a down-stream position m, the bead Hm=Hn — [all losses of 
bead between n and m], la this formula Hm and Hn are total heads, and 
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for all practical purposes where a long pipe is considered the losses other 
tiian pipe fiiction can be ne^ected. The loss due to pipe friction may be 
considered, 



K ]a& coefficient for pipe friction which has been determined by different 
investigatora and found to decrease aa the velocity increases and as the 
diameter increases and increases with the roughness of the pipe. The 
length of the pipe is represented as I, its diameter by d, and t the velocity 
of the water in the pipe. 

Other working formulae for frictional loss are given und» the heading 
of "Friction Loss in Pipes" and further references to head under "Effec- 
tive Head of a Development." 

Penstock Losses. — The foimdation for all c^culations of a water-con- 
duit or penstock should be on the basis of conduit-grade and the amount of 
power wasted due to the grade. For every foot length saved in length of 
water-conduit there is a saving in head loss, in evaporation and in seepage 
losses. In the past much time has been devoted to economy and char- 
acter of materials, etc., and the conduit-grade was detuded on in a rule-of- 
thxmib method or accepted on the basis of a preceding development with 
little knowledge as to power losses due to the grade. 

On a somewhat nmilar basis to that of Kelvin's Law for the most eco- 
nomical conductor cross-section, a law for the most economical conduit 
section may be anployed which may be stated aa follows: 

The most economical area of conduit is that for which the annual cost of 
wasted energy is equal to the annual interest on that portion of the capital 
invested. That is to say, the capacity of conduit in second feet, velocities 
in sec. ft., grade in feet per 1000, the hp. loss due to the grade should equal 
the fixed charges on the investment of the conduit. 

Every kilowatt lost per year is a dead loss. In a water-conduit it is a 
loss that will never decrease in value and one that will remain a loss as long 
as the development is in existence. A conduit once given its grade and 
constructed, cannot very well be changed except at a very great expense; 
thus it behooves ei^neers to look not only to economy of design, but to 
the highest efficiency for a pven economy. 

In the construction of a conduit several important factors have first of 
all to be conffldered: 

(a) The grade. 

(b) HydrauUc mean radius. 

(c) Coefficient of roughness. 

(d) The conduit-fotm, etc. 

The grade will depend on several conditions. In the first place the chai^ 
acter of the ground will place certain limits on the velocity of flow, which 
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must not be bo great aa to injure the conduit-bed. The grade necessary to 
maintain tlie velocity witlun the desired limit will also depend on the char- 
acter of the interior surface of the conduit, being less for a smoother sur- 
face. The form and area of cross-section also afFecte the grade, because 
they affect the velocity of flow — in other words, there wilt exist a loss in 
kilowatts due to the grade, and the conduitrform, coefficient of roughness, 
and mean hydraulic radius are but a£Fected parts due to the grade. 

Should the character of the ground (conduit~bed) be of such a quality, 
for the major part thereof, as to limit the velocity of water, the next near- 
est grade with the least effect on the kw. loss, should be adopted. In Fig. 6 
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Kotn-It vlll be noted that tfawc «iith follow th* pitauHpy of Kolvln'i law iluiVB In FlK HI 

Yi%. 6. — Curree for Determining the Most Economical Siie of Watoi Conduit 

it is shown that, for a given capacity in cubic feet seconds (any other meas- 
ure can be employed if desired), with the sale price of energy per kw. year 
fixed and the purchase price of materials for building the conduit fixed, 
the most economical section may readily be found by simply comparing 
the difference in energy sales (kw. year loss) with the difference in yeaiiy 
costs (fixed charges) . This reasoning applies to all kinds of water-conduits, 
whether closed or open. 

To illustrate these con«derations, reference will be made to a practical 
case, the values of which are taken from actual practice and plotted to 
curves after havii^ figured the average cost of materials per lineal ft. of 
conduit, and the watta loss per lineal ft. The materials costs in this par^ 
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ticular case include lumber (board ft. measure) per lioeal ft., cu. yds. of 
excavation per lineal ft., and lbs. of n^ls per lineal ft. for different siees <A 
conduit in sq. ft. at different stream flow in cu. ft. per second. In a con- 
crete case which ^ves the moet economic conduit section for a pvea ca- 
pacity, the following factors were involved: 



Capacity in aec. ft. 
Conduit grade 
Annual fixed chafgM 
Watta loaa due t« gradi 
Conduit Area 



1.8 It. per 1000 ft. 
S3.00 (max.) per ft. 
27 watts per ft. 



It is, of course, apparent that a choice for a stream Sow of 250 sec. ft. 
can be made between a 20, 30, 40, 50, etc., sq. ft. section conduit, but the 
question here is — at what economic cost? For a flow-capacity of 250 
sec. ft. there is a choice between the following values which make for the 
most eecouHnical conduit croes-section: 

HxTBBUu Coar Itkm ENmaoT 8iua Loaa Itbm 

(Conduit (eoUon in tn- ft) (KDoantU par 1000 ft.) 

20 78.00 

30 27.00 

40 12.90 

fiO 7M 

60 4^ 

70 3.00 

80 2.10 

90 1.S0 

100 1.20 

Thus, if we assume a fixed amount for the kw. loss per year and a fixed 
price for the materials to complete the conduit, the most economic conduit 
section is that ^ving the least difference, that is, where one equals the other 
or nearest thereto. The curves of Fig. 6 enable the most economical con- 
duit cross-section to be quickly determined. For this case it is 30 sq. ft., 
this being the nearest to where the two curves intersect each other. With 
lumber in place as $30 per 1000 ft.; excavation at $0.25 per cu. yd.; and 
nails at $0,015 per lb., we arrive at the following relative costs for different 
section areas of conduits: 



Tablb 3.— 


RiiuTivB Co8« roB DrmiEEirr Section AiuiAa of CoNDiniB. 




^SnSo^ 


EzCATlTIOn AT {S 

Pbb Cbtt. or Con) 


C»IIT.OFCMrr) 


Total Covr 


20 


S1647.00 


193.00 


$123.75 


$1763.75 


30 


2257.00 


136.50 


180.50 


2574.00 


40 


2626.60 


177,00 


210.00 


3012.SO 


60 


3211.00 


192.00 


257.00 


3660.00 


DO 


3681.00 


221.00 


295.00 


4197.00 


70 


4489.00 


269.00 


359.00 


5117.00 


80 


4962.00 


298.00 


397.00. 


6657.00 


90 


£363.00 


321.00 


426.00* 


6100.00 


100 


6173.00 


370.00 


494.00 


7037.00 
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Assume further that the s&le price of electrical energy is at the rate of 
$45.00 per kw. year, then we find the relative difference to be — 



CoHBiirr Sbtroh Abbi 
















FU Kw. Ybi») 


Chabqu) 




20 


$3510.00 


W763.75 


11746.25 




1215.00 


2574.00 


1350.00 


40 


680.00 


3012.50 


2532 60 


50 


317.00 


3660.00 


3343.00 










70 


135.00 


5117.00 


4982.00 


80 


94.00 


6657.00 


5563.00 


90 


67.00 


6100.00 


6033.00 


100 


54.00 


7037.00 


6983.00 



The most economical section area is therefore shown to be 30 sq. ft. 

It is obvious that for every foot saved in length of conduit there is a 
saving in head loss as well as in evaporation and seepage losses. To prop- 
erly illustrate the importance of these losses consider the following example: 
1000 ft. of conduit of 50 sec. ft. capacity installed on a grade of 1 ft. in 1000 
ft. Then, 1000 ft. of conduit dissipates 1 ft. head, uid, with a discharge of 
SO sec. ft. and assuming combined efficiency to be 65 per cent., we have 
1X50X62.4X0.65 



550 



- =3.7 hp. head loss or 



2.75 kw. head loss. 

Assuming the rate for electrical enei^y as S50 per kw. yr., then the loss 
due to head ia 2.75X50 = 1137.50. 

Taking evaporation on the basis of five ft. per year, we shall have ap- 
proximately 0.9 acre ft. per year or 0.0025 acre ft. every 24 hours, which is 
equal to 0.00125 sec. ft. Therefore, for a plant with a head of 1,650 ft., 
loss due to evaporation would represent 

1,650X62.4X0.65X0.00125 
550 



- = 0.152 hp. or a 



0.113 kw. evaporation loss. At $50 per kw. yr. this would be 0.113X50- 
S5.65. 

The rate of percolation will depend on the kind of conduit, its condition 
and other things. However, for calculation, assume that, under a head of 
3.5 ft. the conduit will have a seepage loss of about 0.004 ft. per hour or 
0.009 sec. ft., then the loss due to percolation will be 
1,650X62.4 X 0.65 X 0.009 



560 



= 1,1 hp. or a 



0.82 kw. seepage loss. At $50 per kw. yr., this will be 0.82X50=$41.00. 
Then, the total energy loss per year represents a revenue loss of 137.50+ 
5.65+41.0 = «184.16 per 1000 ft. of conduit, or a loss of $0,184 per ft. 
length of conduit. 
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Pipe Line Coo^eratioiu. — ^Although much has been added in recent 
years to our knowledge of the phenomena of flow of water in pipes, practical 
data are still in a very imperfect state. While allowances are always made 
for loss of head due to sharp bends or curves, valves or other obstructions, 
entry losses, etc., allowance should also be made for the reduction in pipe 
size due to depodts <rf silt, and air mixed with water. The remedy for silt 
deposits is evident, but the air problem is not so simple. Air reliefs lo- 
cated at summits in a pipe do not give ample help. The most correct 
remedy is to capture the air at the intake and prevent it from entering the 
pipe. If this is not possible, adequate wr-reliefs should be located just 
l>elow the intake, so as to minimize the amount of lur carried through the 
pipe with the water. It is difficult to emphasize too strongly this air prob- 
lem as affecting the Sow of water in pipes, and, it is not unlikely that this 
may explain some of the vagaries in experiments which have been made 
in the past and affecting our present day formulee. 

In pipe lines not well proportioned with reference to diameter, thickness 
of material, bends and coimections, the efficiency will be greatly impaired 
and much trouble likely to result. This important part of a hydroelectric 
plant may also, due to wrong design, cause disturbances in the plant's 
operation and have a very serious effect on the proper utilization of the 
water-power. In planing a pipe line it should therefore be kept in mind 
that the following are important factors: the most suitable form and 
arrangement of inlet at the forebay at sudicient depth below the lowest 
water-level; the right slope to the pipe line; that it should be made aa 
straight as possible ; that it should be strongly supported and anchored and 
backed to secure it against any movement due to the action of the water; 
proper allowance for expansion joints to take care of expansion and con- 
traction due to changes of temperature, etc. ; that no undue pressure of the 
pipe hne is put on the forebay, power-house nor the units in the generating 
station; and, that proper calculations are made so that the velocity of 
water will not rise above the limit and strength of the pipe — making due 
allowance for rough handling and effects due to sudden stoppage of flow. 

Friction Lobs in Pipes. — The frictional loss in the flow of water along a 
pipe line has been determined on the assumption that the pipes are clean, 
are of uniform diameter and have regular alignment, profile, etc. In 
general, even for a newly laid pipe line this is not realized, in fact it is not 
always possible to keep the core perfectly central throughout a pipe line, 
for a pipe may have an excess of metal on one side and a corresponding 
deficiency on the other side. Formula for this loss (friction loss) are very 
numerous, but a reliable one is as follows: 

„ 0.38 ui-* 
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Where H U friction loso per 1000 ft. of pipe, d is dJam. in ft.; and v ia 
mean velocity of flow in ft. per second. (Ttow. A. S. C. E., Vol. 51, page 
308.) 

Likewise a great variety of fonnuls have been proposed for mean veloc- 
ity as v=eVRS. (Ch^zy's formula) where R is the hydraulic radius 
(cross-sectional area -^ wetted perimeter); ;S the hydrauUc slope (loss of 
head in ft. per ft. of length or the surface fall for open channels) ; and c 
is a coefficient which may be considered as 100 for moderate roughness of 
pipe or channel. 

In none of the generally used formulae has any allowance been made for 
such important factors as loss of head due to sharp bends or curves, valves 
or other obstructions, entry lessee, etc., hence additional allowance must 
be made in all cases. The importance of these allowances can be better 
understood from the following concrete case: 

Length of pipe line 15,865 ft. (wood-stave pipe) 
IMameter of pipe = 68 in. (inside diam.) 
Slope for 10ft./sec.=4 ft. in 1000 ft. 

This pipe contains five steel bends where the curvature is greater than 
20 deg. These bends are made to a 15 ft. radius and have angles of 92, 
55, 65, 60 and 45 degrees respectively. The Iobb in head for each bend as 
measured by a differential pressure gage is given in Table 4. 



Table 4.- 


-Entbt 


AND Bund Loesss a 


T DnrriRBNT VTVOcmm 






^^ 


BEin>ii 




LoMPn 

1000 Ft. 


Faranoti 


VsLOcm 

Ft./Bm. 


Nd.1 


No. 2 


No. s 


No. 4 

g' 


ffi" 


2JS 
S.0 
-7.5 
10.0 


0.06 
0.25 
0.64 
1.14 


0.03 
0.09 
0.25 
0.46 


0.03 
0.08 
0.18 
0.34 


0.03 
0.08 
0.19 
0.36 


0.03 
0.08 
0.20 
0.37 


0.01 
0,06 
0.14 
0.27 


4.1 
15.4 
33.9 
61.9 


0.246 
0-931 
2.042 
3.775 


3.91 
14.77 
32.40 
58.96 



For the flow of water in pipes the exponential formula or constant co- 
efficient formula, as it is often called, should preferably be used, thus doing 
away with tiresome calculations for coefficient values or the use of tables 
(A coefficient = c which, in this formula are not required; that is, for formula 
Q=discbarge in sec. ft., it is better to apply 

(a) Q= 1.35 A*" (?■' (for wood-stave pipe) 

(b) = 1 .31 h"" d*' (for cast-iron pipe) 

(c) 0-1.18 A'^d*-" (for riveted-steel pipe) 

(ft) This formula may also be used for the continuous concrete pipe. 

(b) This formula may also be used for the so-called concrete (wet-mix) 
jointed-pipe. 

(c) This formula may also be used for the so-called concrete (dry-mix) 
jointed-pipe. 
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Id these formulte A is expressed in friction-loss per 1000 ft. of pipe vitb 
d the diameter of pipe in ft. (Morits, U. S. Reclamation Service prac- 
tice.) 

Formuls for v^C^/RS have been used a long time and still are b^ng 
proposed and added to reference text-books. A more practical constant 
coeffident formula (Flamant) is 

p= 86.38 iS"" rf^"* (for new cast-iron pipes) 
0-76.28 S^" rf>-"» (for old cast-iron pipes) 

Allowances should always be made for the deterioration of cast-iron pipe 
with age, the fonnula for which is 



\l200dj ^\l+0mnj 



where it is assumed that the friction-bead increases 3 per cent, per year due 
to tuberculation, and that the diameter of the pipe decreases 0.01 inch per 
year from the same cause. Y equals the ratio of discharge when the pipe 
is n-years old to the discharge when the pipe is new. 

Economical Diameter of a Pipe line. — In lai^, long pipe lines the de- 
termination of the most advantageous velocity, or in other words, the fixing 
of the diameter, is subject to very close calculations. The proper dimen- 
sions of a pipe, and also the cost of a pipe, will be higher the lower the veloc- 
. ity for a given case. The material may be of wood, cast-iron, riveted-steel 
pipe or concrete pipe (wet-mix jointed or dry-mix), etc. 

A much used formula which gives a close approximation of the eco- 
nomical diameter of pipe lines {En^neering Record, November 14, 1908) 
follows, 

i) = 3.14 (Q^VS)* 

where D is the diameter in inches, Q is the flow in sec. ft., and S is the slope. 
This formula is suitable for large diameter steel pipes and for penstocks. 

A. L. Adams has shown {Trana. A. S. C. E., Vol. 59, page 177) that a 
pipe fulfils the requirements of greatest economy when the value of the 
energy lost in frictional resistance equals four-tenths (0.4) of the annual 
coat of the pipe line. The cost is assumed to be proportional to the weight 
of metal and that the loss of head due to frictional resistance varies as the 
square of the velocity of water in the penstock. This theorem holds true 
for riveted steel pipe but not for wood-stave or cast iron pipe. If then L is 
the value of energy lost by frictional resistance and C the annual cost of the 
pipe line, (interest on cost of pipe, construction and depreciation), 
L = 0.4 C for economical design. 

The horsepower used to overcome frictional resistance per foot of pen- 
stock when the quantity being dischai^ed is Q sec. ft. is, 
Hp- 183,400 <?-^cW 
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where c U the coefficient in Chfizy's formula, and may be taken aa 120 for 
wood-stave pipe, 130 for new caat-iron pipe and about 100 for old cast-iron 
and riveted pipe; d is the economical diameter of the penstock section in 
inches {Engineering Record, September 12, 1914). 

Another formula that is convenient in checking economical pipe sizes is, 
Z>=13.5 (e/S)"-"* gV" 
where D is the diameter in inches ; Q the quantity of water delivered in 
million gallons per 24 hours and e is the coat of raising 1,000,000 gallons of 
water one foot high and may be taken at about 5 cents {Engineering 
Record, December 27, 1913). 

Practice has shown that wooden penstocks may be successfully used for 
heads up to 300 feet. Seasoned or kiln-dried yellow pine, redwood or fir 
are suitable for wood-staves. For the spacing of iron bands the formula by 
J. D. Schuyler {Tram. A. S. C. E., Vol. 31) may be employed, 

Ar=t200DP-H2S 
where N is the number of bands per 100 feet, D the diameter of the pipe in 
inches; P the pressure in lbs. per sq. ft. and S the safe working strain in 
bands in lbs. per sq. In. A factor of safety of 5 is usually advisable. 

Since commercial sizes of pipes must in most cases be used, a "cut and 
try" method in solving pipe diameters with the aid of the formulas given 
will usually be most convenient and satisfactory for ordinary conditions 
and moderate heads. In this method a reasonable diameter is assumed 
and the rate of discharge that this diameter would give computed. If this 
value is too large or too small when compared with the rate of dischai^e re- 
quired, a new size is assumed and the calculation repeated imtU the proper 
size is found. In this method it must be remembered that with an increase 
in size of pipe there is a variation in velocity of flow such that a pipe some- 
what larger than another will discharge more in proportion to its area than 
the smaller size. In assuming sizes therefore this point must be con- 
sidered. 

The great pressure of water in high head plants requires careful engineer- 
ing to prevent trouble. It involves no difficulty to take care of stress 
and deformation of the lower part of a pipe line with its valves and con- 
nections, but the control of the water is a serious problem. To property 
illustrate ite magnitude consider what might be called at the present time 
a medium-head and power development. For a 60 in. diam. pipe of 5,000 
ft. in length with a velocity of eight ft. per second operating under a head 
of 400 ft., producing slightly over 6,000 hp., the actual weight of water in 
the [npe line will be more than over 3,000 tons. Kepresenting this weight 
in the order of a moving freight train, it compares with a weight nearly 
equal that of a loaded freight train half a mile long. This, in itself and 
under normal conditions, is very easily taken care of, in fact, eveiy-day 
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design demands it. But what would happen if the train were brought to a 
stand-still in say, one second or even two seconds, or accelerated instantly 
to a speed of eight ft. per second from rest? 

Water Hammer. — Just what the actual initial pressure (extra stress) 
is, caused by a sudden closing of the valves due to the entire 5,000 hp. being 
thrown off, is not easily determined, but it can be approximately expressed 
as 

p,=v V-i-g (feet of water) 

62.5 V V 
144X32.2 
= .0134 p V Ob. per sq. in.) 



Prsunn InenMa In Lbi.pei Sq. Inch 

Fig. 7. — Curves Showing Pressure Increase for Various Lengths of Rfie Line and Re- 
tardation of Flow of Water at Various Velocities for Different Time Periods in Seconds 

In these formulas p, is the excess pressure due to the water hammer, 
V is the original velocity of the water in the pipe, V is the velocity of the 
pressure wave in ft. per sec. and g is 32.2. The value of V is closely ap- 
proximated by the following formula (Daugherty); 



y=4700V— — ^ 



£+300,000^ 
where E is the modulus (^ elasticity in tension of the material composing 
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the pipe in lb. per sq. in. and d/t is the ratio of the pipe diiuneter to thick- 
ness of walls. For steel E may be taken as 30,000,000 lb. per sq. in. ; for 
cast iron, 15,000,000 lb. per sq. in. ; for wood, 1,500,000 lb. per sq. in. 
The hoop tension in the wall of the pipe due to the excess pressure p, is, 

where pkiam lb. per sq. in., r the radius of the pipe in in., p, the excess 
pressure in lb. per sq. in., and t the thickness of the pipe wall in inches. 







The time taken for the pressure wave to travel the length of pipe is, 
ti = l-i-V, and the time required to travel from one end to the other and 
back is twice this or (j = 2i -;- 7. The full value of p, would not be produced, 
therefore, unless the time of closing the valve is less than it. The valves 
in a long pipe line must move to the required position without oscillation to 
prevent water hammer and must also open very quickly, and the time of 
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closii^ must be long aa compared with the vibration pitch of the water 
column or pipe. In general, tlie longer the pipe line the greater the dif- 
ficulty. 

The opposite condition, that is, a condition requiring the acceleration of 
the water when, because of a great increase of load, the speed of the water 
wheels falls far below normal, can be met by instalUng a small r^:uIation 
basin or surge reservoir at the end of the conduit (at the forebay). This 
reservoir serves a dual purpose: (1) It will assist in preventing excessive 
rise in pressure due to reduction in velocity in the pipe line. (2) It will 
take care of sudden demands for water or can receive water not demanded 
by the water wheels. A r^ulating reservoir or stand-pipe will not afford 
entire relief due to a sudden closure of the valves, nor do they generally 
operate in such a way as to make the pipe safe, but in conjunction with a 
governor-operated by-pass valve or gate (arranged to operate slowly on 
closing) safety can be had and also good speed regulation. The use of a 
by-pass valve involves a frequent waste of water equal to that required for 
the largest load variations, thus, in some plants it cannot very well be pei^ 
mitted. The compromise is to sacrifice part of the speed regulation for 
the sake of economy of water. 

Effective Head of a Development. — ^The water wheel is a device which is 
placed in the path of falling water, for the purpose of utilizing the energy 
possessed by the water, due to its fall and weight, and for delivering as 
much as possible of this energy to a rotating shaft as mechanical power. The 
energy possessed by the water may be made to manifest itself as power by : 
(a) Allowing a quantity to pass from a higher to a lower level practically 
without velocity, (b) By the momentum possessed by a quantity of it 
traveling at a velocity caused by the bead, (c) By pressure of the water 
due to head acting on an area through space. That is, the relation between 
velocity, head and pressure are fundamental, and must always be borne in 
mind in hydraulic work. 

The definition of head (total head) is the difference in elevation between 
head-water and tail-water. This total head may be divided in general into 
three different parts, as: friction-head, discharge-head, and effective-head. 
Friction-head is that part of the total head which ie applied in overcoming 
the friction in the water passages leading to and away from the wheel, as 
in the passageway through the racks, entrance to pipe-line (inlet of pen- 
stock), in the forebay or the penstock itself, through the guides and buckets, 
and in the discharge tubes, etc. The discharge-head is the head at which 
the water leaves the draft-tubes and enters the tajlrace. The effective- 
head is that part of the total head left to be applied to the wheel itself after 
the friction-head and tfischarge-head have been accounted for. 

Characteristics of Water Wheels. — ^The best known types of water wheels 
in common use today are the impulse wheels and the turbine. The im- 
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pulse wheel is a kinetic energy wheel, that is, the momentum of the mass of 
water in iia impact with the ruimer bucketa is the main priaciple utihzed 
in the energy transformation. The two best known types of impulse 
wbeeb are the Girard and the Pelton. In the former the water passes 
through the runner radically outward, and in the latter, which is the 
most practical for average installations, the water strikes tangentiaUy 
upon the buckets. The turbine is a combined potential and kinetic 
energy wheel, the water passing either inwardly or outwardly through the 
runner, the wheel rotating partly from velocity action and partly from 
reaction due to pressure and consequent acceleration in the buckets. 

The eflSciency of a water wheel will vary considerably with a varying 
head, dnce it is designed for a definite head and speed, so that if one is 
varied without corresponding change in the other, the efficiency is usually 
materially reduced. Where the load fluctuates heavily and rapidly, there 
must be ample margin allowed for this character of load, in order that the 
maximum capacity may not be exceeded, and the average load will then 
be much below the maximum, with, of necesaty, low efficiency. Such 
fluctuations of load usually accentuate the effect on the units, for they 
produce corresponding changes in head, due to increasing friction losses in 
the water conduit and pipe line, etc. 

In recent years a rapid evolution has taken place in the design of water 
wheels, the most marked being the increased application of siogle-runner, 
vertical' shaft turbines to low-heads, where previously multi-runner tur- 
bines of either vertical or horizontal type were used. This has been made 
posdble by the progress of design and development of high capacity run- 
ners, so that for a fixed head and capacity' it is now possible to operate 
modem turbines at much higher rotation^ speeds than was possible with 
runners of the old design. This increase in power of runners has been ob- 
tuned without any sacrifice in the maximum efficiency of the wheel and 
with only a slight sacrifice at partial loads. Aa the spouting velocity of the 
water varies directly as the square root of the head, the peripheral velocity 
of a turbine becomes high in high head installations. The impulse wheel, 
however, runs at a considerably slower speed than reaction turbines of the 
same capacity, hence the ease of governing through high kinetic energy of 
moving parts is not so great as the increased spouting velocity of the water 
would indicate. Not many years ago the efficiency of the impulse wheel 
was higher than that of the turbine so that for any development where it 
could be used to advantage it was chosen where as now the other type has 
the advantage in both speed and efficiency. 

Effective Draft Tubes for Water Wheels. — ^An important point which is 
frequently overlooked when calculating the proper head for a given wheel 
is, the mar^n allowance between the maximum vacuum and the total draft 
bead. The maximum vacuum should always be considered for the par* 
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tJGular elevation above aea level at which the wheel is to be installed. The 
placing of a wheel within the natural limit (34 ft.) from the elevation of 
tailrace-water is no indication of the proper elevation, because it is necea- 
sary to allow at least 3 ft. to 4 ft. margin between the total draft-head and a 
perfect vacuum to prevent the breaking of the water column in the dr^t 
tube due to inertia effects of sudden changes of load such as those men- 
tioned above. 

Not long ago it was generally considered that the draft tube was simply a 
device to locate the turbine above the tailrace water level without losing the 
effective head between turbine and tulrace. To-day it is looked upon as 
an extremely important part of a turbine. In fact without effective draft 
tubes, runners of high specific speeds would be impracticable. The veloc- 
ity head of high specific speed runners may be from 26 to 30 per cent, of 
the total, therefore, it is essential to efficient deagn for the draft tubes to 
convert this velocity head into effective head, all of which has been done 
to a very marked degree. In fact, due to the perfection of draft tubes it is 
not uncommon to obtain oae-third of the total head through vacuum. 

Speed Regulation of Water Wheels. — The two greatest difficulties in the 
operating of water-power plants are the governing of the water column and 
proper speed regulation, the two being closely related. Today ample 
governor and compensating devices are to be had, but it should be borne 
in mind very clearly that even with a perfect governor, speed r^^ulation 
cannot be any better than that permitted by the length of the water con- 
duit and column and the flywheel effect of the rotating masses. Proper 
regulation is primarily controlled by the dedgn of the development as a 
whole, so that actual speed r^ulation obtained in practice is largely limited, 
and the use of a governor, no matter how efficient in itself, will have little 
effect when the other part of the development has been improperly designed. 

A good governor with its connected compensating devices will take proper 
care of any difficulty arising in the water column and will at the sane time 
limit the nm-away speed of the water wheel even if the entire load be sud- 
denly thrown off, assumii^, of course, proper design of the hydraulic de- 
velopment. A proper compensating device should operate before the rise of 
pressure takes place in the water column, and no matter how quickly the 
gate or gates are closed, either by governor, by hand or by accident, thero 
should be no shock on the water column. By a suitable proportioning 
of the discharge to the discharge oF the units, any sudden movement can- 
not take place in the gate without immediately affecting the velocity of 
the water in the water column, and consequently without producing the 
usu^ surging in pressure (which are one and the same thing), destructive 
to the water column and good regulation. The action of this device should 
be absolutely reliable at all times and high in efficiency, that is to say, in 
water economy. To avoid a great waste of energy when governing pro- 



XnOO^^IC 



GENERAL SURVEY OF WATER-POWER ENGINEERING 23 

ceeds by deflection, wheels have been designed in which the jet of water is 
not deflected at all, the cross-Bection of the stream being altered by means 
of a needle valve in the nozzle. This keeps the efficiency of the wheels 
high throughout the entire range of output, the only important objection 
bang the element of great danger introduced by sudden variations in the 
velocity of the water in the water column. However, the beet type of 
impulse wheels are now built by combining deflecting nozzles with needle 
valves. The governor has control of the deflection, and other means are 
provided to produce slow movements of the needle valves- 
Selection oi Water Wheels, Their Rating and Speed.— In low-head 
installations where it would be practicable to install water wheel units of 
either type, the single-runner turbine has a number of advantages over the 
multi-runner. For example, only one gate opening and clodng mechanism 
is required and this is located above the bead cover of the turbine and is 
thus accessible at all times for inspection, while repairs can readily be made 
to this mechanism without dirananthug the wheel. A better design of the 
draft tube is made possible with a Enngle-runner unit, and it is possible to 
mould in the concrete a spiral turbine casing similar in design to the cast- 
iron spiral casings used in connection with high-bead turbines, which, of 
course, would be impracticable with more than one runner. 

In the case of a vertical turbine having more than one runner, the depth 
and consequently the cost of the sub-structure of the power house is neces- 
sarily much greater than in the case of a vertical single-runner turbine, and 
the coat of erection and dismantling for repairs is conmderably less in the 
case of the vertical single-runner wheel. 

In deciding upon the niunber and rating of the units in a station the c<nn- 
bination of the water wheel and its generator must necessarily be considered 
together. Besides hydraulic conditions and the limitations of the water 
wheel deagn, the rating is governed by the load factor, the character of the 
load, the reserve capacity, the rehability and the flexibility of the service, 
etc. The units should be operated as near full load as possible and new 
unita should preferably be started as the load increases instead of utilizing 
overload capacities. Where sudden overloads of conaderable magnitude 
come on the system for short periods it is, of course, necessary to have wheel 
capacity sufficient to care for them. Single units are never desirable except 
for multi-plant systems, in which case the necessary reserve can be obtained 
from other stations. For single-plant systems the number of units should 
preferably not be less than four, but above this the number should be gov- 
eraed by the limit in design, considered both from a technical and eco- 
nomical point of view. With a small number of Urge units the first cost, 
the maintffliance charge and the necessary floor space are reduced, and the 
efficiency is also usually better than for a larger number of smaller units. 
The generator should have a rated ou^ut approximately the same as 
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the most economical rating of the water wheel. The most economical 
point for the wheel varies for different specific speeds. Even though the 
' revolutions per minute may not be determined and the speci&c speed not 
yet calculated, it can at once be said that the maximum horse power of 
the wheel divided by the kilowatt rating of the generator will vary from 
1.5 to 1.9. This is obtained by dividing the maximum horse power by the 
horse power at the most economical point and then again by 0.746 to 
secure kilowatt rating. The maximum horse power of a wheel divided by 
-the kilowatt rating of the generator will thus vary from 1.5 to 1.9, depend- 
ii^ upon the type of runner that may be selected for use. The matter of 
overload should always be taken into consideration when this point is being 
worked out. 

The speed of the generator and frequency of the system place some limit 
on the selection of the speed of the water wheel . It sometimes troubles the 
wheel manufacturer if he cannot obtain every local hydraulic and electric^ 
condition entering into the case of choice, because many important factors 
must be con^dered before a proper wheel design can be made, such as: 
the head, characteristic efficiency, runner balancing, speed regulatitm, 
variation in head, and the durabihty of design. 

The head is the important factor in the selection of the proper speed. 
Low heads and attendant low velocities permit of a design of bucket to 
handle large quantities of water. In such a runner, thin warped buckets of 
ample size and large openings can be used. These buckets are, relatively 
speaking, structurally weak. High heads and consequent high velocities 
make necessary a simple design of bucket, thicker material, for relatively 
small quantities of water. Strength, therefore, must be carefully con- 
fddered in determining the diameter and speed of a runner. Specific speed 
varies with revolutions per minute, hence for any given horse power and 
head the revolutions per minute fix the specific speed, and the character- 
istic efficiency which is obtained from a runner with the specific speed both 
for full load and for partial loads. The particular speed characteristic 
desired, therefore, has much to do with selection of the speed of the runner. 
A single runner can be designed so as to balance the thrust, which is some- 
times desired. With a single runner there is a lower specific speed and, 
therefore, a consequent large diameter of runner. The question of thrust 
does not enter into consideration with double runners as the thrust of one 
runner is neutrahzed by that of the other. Speed regulation ia sometimes 
the most important item in fixing the speed. The lower the speed the larger 
are the diameters and weights of the rotating elements and, therefore, 'the 
greater the flywheel effect of the units. When the load on a unit is changed 
the speed varies directly with the flywheel effect. It is therefore often 
desirable to use a lower speed, fixing the ^)eed by the degree of regulation 
desired. Extra flywheel effect can be obtained by the use of a flywhed, 
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but this is geoerally undeeirabLe and if possible should not be conMdered OQ 
account of the danger due to high pressures on bearings. 

Variation in head is aconunon condition in low-head plants. In all 
hydroelectric developments the speed must be kept constant, even though 
the head does vary. It has been shown that different speeds have different 
characteristics of power and efficiency when the runners operate under 
heads other than those for which they are designed. A lower speed than that 
given may oftentimes be used to advant^e and might mean a considerable 
increase in the output of the plant. At the same time the initial cost may 
be greater and in such cases a proper balance between cost and benefits 
becomes a consderation. In high-head installations particularly, pitting 
of the runner blades takes place, due to shock of water against the buckets, 
or high velocity. It is therefore, quite important to consider durability 
when the unit is working at the most economical point, in making the 
selection of the proper speed of runners. 

Water wheels may have a ^n^e runner, a pair of runners, or for low 
heads, four or even six runners per unit. In some places a vertical design 
of unit is required, while m others horizontal units best suit the conditions. 
When a pair of wheels is used, it must be determined whether an outward 
discharge or a bottom center discharge is the more desirable. The one 
involves a single draft tube and the other two draft tubes. When low- 
heads are met with, open flumes are possible and a properly arranged open 
flume may take the place of the closed flume. In high-heads, of course, it 
becomes necessary to use closed flumes. 

Ten years ago it was a notable achievement to obtain a turbine efficiency 
of 82 i>er cent. The maximum guarantees of manufacturers were from 78 
per cent, to 80 per cent., and were generally considered highly satisfactory. 
During the past two years, efficiencies of 89 to 92 per ceat. have become 
quite common, while a maximum value of 93.7 per cent, has been secured, 
as shown below. Some of the recent largelow-headdevelopmentsequipped 
with single-runner vertical-shaft turbines, are tabulated herewith: 



Tablb 6. — Insfallati 



s rsiNO SiNOLE-RcNNXH VBRTiCAi^HArT Ttirbinih. 



Tallasee Power Company. 
I«ura:ilide Co., Ltd. 
Alabama Power Companjr. 
MiasiwiMH Vivtx Power Company. 
Cedon Rwidfl Mfg. A Vowtx Company, 
Turners FaUs Company. 
AppaUchiaa Poww Co. 

Georgia-Carolina Power Company. 



EacbUhit 






31,000 
20,000 
17,500 
10,000 
10,000 
9,700 
6.000' 
3,500 
3,126 



93,000 
120,000 
70,000 
150,000 
130,000 
38,800 
24,000 
10,600 
15,625 



* Theae turbines showed an efficiency, on teat of 93.?%. 
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The power delivered by a water wheel (friction-brake rating), may be e; 
preased as foUows: 

2tIw 



P = 



33,000 



R=K. 



where, the resistance overcome by the wheel in a given distance is 
2rlu> 
"33,000' 

n being the number of revolutions per minute; R being the resistance over- 
come per revolution; i-=3.1416. 

SpMd Variatioiis of WtAex Wheels.— The variations of resistance and 
speed, and the resulting variations in power (P) under various speeds and 
under certain conditions, are shown 
in the following curves (Fig. 9). 
These curves are only illustrative 
and applicable to a constant speed 
hydraulic unit when similar series of 
curves for different nozzle openings 
are shown. The upper curve shows 
the relation of resistance to speed at 
fixed nossle openii^. It would, of 
. course, show different values for 

I || f various nozzle openiogs. The lower 
- '* ~ curve shows the relation of power to 
speed at the same nozzle opening 
_ with corresponding variations to the 
nozzle openings given in the upper 
1^ curve. 

In the lower curve the speed fac- 
tor is expressed as a ratio l>etween 
the peripheral velocity of the wheel 
and the spouting velocity of the 
water. Under such conditions satisfactory operation will be represented only 
by various nozzle or gate openings. The point X and the corresponding point 
P represents the 100 per cent, nozzle opening of both the upper and lower 
curves, and consequently the maximum power. If the power varies, as, of 
course, it does on every system between maximum and zero, satisfactory 
regulation can only be accomplished by proper change in the nozzle open- 
ing as the load varies. The point of position drops below P us the power 
demands decrease, or rises above P as the power demands increase. If 
the load is entirely removed (cut-off) a maximum or runaway speed will 
result as shown at ^mu. In practice the runaway speed of a tangential 
wheel is less than ^moc-^ 1.0= VSyA on account of nozzle and atmospheric 
friction. 




■dovGooi^Ic 



GENERAL SURVEY OF WATER-POWER ENGINEERING 27 

The m ftinmu m speed for which a hydraulic unit sbould be designed de- 
peada to a great extent on the character of the hydroelectric development. 
Low-head wheels sometimes have a peripheral speed about 70 per cent, of 
the spouting velocity of the water and may attun 100 per cent, depending 
on the pitch line used in measuring the peripheral velocity. In high-head 
plants with a peripheral velocity about 40 per cent, of the spouting velocity, 
the wheel at 100 per cent, excess speed may still have considerable power. 
It is generally known that the peripheral apeed of a water wheel bears a 
certun ratio to the spouting velocity of the water on any given head. TtuB 
ratio aa a percentage rarely falls below 40 per cent, and seldom exceeds 
80 percent. 

For a given revolutions per minute and head, the horse power output of a 
runner is proportional to the square of the specific speed. Also for a ^vea 
head and horse power, the revolution per minute of a turbine or runner is 
proportional to the specific speed. The specific speed of a runner may be 
defined as the speed at which any nmner would operate if it were reduced 
to such a size that it would develop one horse power when operating under 
a head of unity. The numerical value of the specific speed of a runner, 
expressed in the metric system (m which it remfdns), may be found by first 
calculating the speed and power output of the runner under consideration 
for one meter head, and then mathematically reducing the runner in size 
until it will deliver one horse power. The speed of this reduced runner 
when operatli^ at its point of maximum efficiency is its rated specific speed 
This speed is: 

Nt^T. p. m. X — ^ (metric system) 

JV.-4.46Xr.p.m.^-^ (ft. lb. system). 

The value A* as a factor for specific speed, N„ is from the assumption 
that two wheels of nitniltr design and horse power capacity will have vary- 
ing speeds on different heads, as 

W=A*X(AO*=AXA» 
Taking N, as the unit speed, that is, the revolutions per minute of water 
wheel of similar design developing one horse power on 1 ft. head, then, 
N.Xkt 
'■^■"■=^^ 
where ft is the head in feet; kp is the horse power of one runner or stream 
from a noule. In other words it can be stated that the speeds of two wheels 
at the same head will be inversely as the square root of their ratings. (See 
Chapter VIII for data on specific speeds for impulse and reaction water 
wheels, Fig. 208.) 
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In order that a plant may operate continuously at best economy for the 
load it has to cairy, it must be designed to accommodate the characteristics 
of that load. In making this deteimination, a careful study should be 
made of the load-curve and the load-factor, as well as several other import- 
ant matters. The generator should have a rating approximately the same 
as the most economical capacity of the water wheel. The most ecoDomical 
point of the wheel varies with different specific speeds. Even though the 
revolutions per minute may not be detennined and the specific speed not 
yet calculated, the maximum horse power of the wheel divided by the kilo> 
watt rating of the generator as already stated should vaiy from 1.5 to 1.9. 



I 2 

a £ 

I I 



ifFmncisType 

This is obtained by dividing the maximum horse power by the horse power 
at the most economical point and then agfdn by 0.746 to secure kilowatt 
rating. It may thus be said that the maximum horse power of the wheel 
divided by the kilowatt rating of the generator will vary from 1.5 to 1.9, 
depending upon the type of runner to be used. In the first approximation 
the value of this coefficient might be taken as 1 .75, above the average value, 
and the kilowatt rating of the generator determined, to be corrected as 



It can be easily shown that the water-wheel horse power varies as h* 
which is fundamental. Equally so is the formulfe v^cV2gk, one of the 
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most importAut of hydraulic fonnulie as it enters into all calculations and 
designs of water wheels. However, a point which should always be kept 
in mind is, that the speed of hydroelectric plant generators must be kept 
constant at all times, even though the water wheel head varies. 

Take for example a 1,000 hp. plant operating under a 40 ft. head and at 
200 r.p.m., and assume the head varies due to floods from 40 ft. to 24 ft., 
or a change of 40 per cent, in head. It is quite obvious that the generators 
must operate at their proper and constant speed in order to mamtain for 
the system the proper frequency. 

At 24 ft. head the 1,000 hp. wheel will only deliver 465 hp., for 
1,000 

l'=465 bp. 



(wy- 



r.ji.ni."RaTi>IntkHi> psrUlnnta 

Hg. 11. — Curves ffltowing Capitdty in Kw. pet Runner and per NoKzIe Stream at V»- 
liouB Heads for High Speed Unite of Franm and Feltoo Typee 

This is based on the assumption that the wheel is allowed to run at the 
proper speed for the 24 ft. head. This speed (since wheel speed varies as 
A') will be 155 r. p. m, for, 

200 

/40Y=155r. p.m. 

V24; 
This speed, however, cannot be allowed and leaves but one alternative — 

.. XnOQt^IC 
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that of reducing the ratii^ (power) to meet the nearest speed, which, in the 
above case, b about 20 per cent, below. Id order to increase the speed by 
this amount, depending on the type of runner, there is nearly a correspond- 
ing decrease in power. With the best type of runner it would be a difficult 
matter to obtain more than 400 hp. from the plant, or, say 
465X0.125=407 hp. max. 
It is interesting to note that, at the present time, single-discharge tur- 
bines are in successful operation working under a head of 585 ft., this being 
the highest head under which turbine wheels have ever run. Of further 



Output tn KOowtttl 

Fig. 12. — Hydroelectric Output in Kw. at Different Headi 

interest is the fact that the world's highest-head water-power plant is 
operating under a head of 5,400 ft., or well over a mile of effective head. 
The penstock lines of this hydroelectric plant are 3 miles long witii the 
upper section built of welded-steel pipes, 24 in. in diameter. The lower 
section, which will withstand a hydrostatic pressure of nearly 2,500 lb. 
per sq. inch, or 165 atmospheres, employ's special ingot-pressed seamlesa- 
steel pipe. The pipe sections vary in thickness from 1.25 in. at the top to 
1.78 in. at the region of highest pressure. The full output of this hydro* 
electric development is 15,000 hp., there being only a maximum of 30 cu. 
ft. of water per second available. 
Stream-Load Chaiacteristics. — The cost to build a new hydro-electric 
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Ontiint In Kllowsn-Honr 

Fig. 13.— Output in Ew^Hra. foe Qnen Aore-Feet Storage and Heads up to 200 Ft. 




Ill llllllllllllllll 
liliilllllllBilii! 

Output In KOoiratt-Hann 

Fig. 14.— Output in Kw.-Hia. for Qiven Aore-Feet Storage and Heads above 200 Ft. 
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project per kilowatt is less as its rating is increased, since a large proportion 
of tlte total cost is practically independent of the rating of the equipment. 
In this case, an increase in the annual cost per kilowatt of an auxiliary 
plant (steam or otherwise) b accompanied by a decrease in the annual cost 
of the hydraulic plant, and a point may be reached at which the sum of the 
two ia a minimum. This would fix the most economical rating of the de- 
velopment and hence the point of greatest profit for a given market price of 
energy. Of course, the plant may be developed for a greater output with 

HP.-Boon and KW.-Honn at lOW Xff. p« Actv-Foot of Stota«* Watn 
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a less profit per kilowatt, but the limit to the development is where all 
profit becomes nil. From this it is readily observed that the determination 
of the cost of the auxiliary supply for the hydraulic characteristics of the 
stream as applied to the particular conditions of power load prevuling is 
important. 

As B. solution of this problem, one useful method is to apply two curves, 
one showing the hydraulic characteristics of the stream called the "per 
cent, deficiency" curve, and the other characteristics of the load called the 
"per cent, load" curve. The use of these two curves, the one summarizii^ 



■dovGooi^Ic 



GENERAL SURVEY OF WATER-POWER ENGINEERING 

HMdln PMt pw HU* of FlM LlM — (4 HU*) 



^Fe>t]=L«iKthDfPIi>efor«wh Fodl-BMd (In Poet) 











IP 


gj 


?i 


a^fe 


7 


" 


- 




- 


- 


- 




A 


- 


- 


- 


- 




- 


^- 




1£WS'J*£ 














f 














/ 






f 




- 


p" ^ 


"JCJ 


5" 


.r.rl: 














/ 














7* 






?•><- 








3 


r-T/ 


























/ 








^ Iw) 








7 














,> 


J 












/ 










'l 








l-l 












y 










.« 


/ 










^ 


Jj 








ii.1 












^ 










1^ 


r 










y 




.J- 








u 




^^ 






/ 


















'x 


u 








IL 








/ 










' 
























-- 








/ 
















/ 










^ 








^. 




^1 




rf-K 


Vy=7 


'""■* 


u4c*a ^ 


















•^ 
















l^m 




aJj 


y-is. 


m/ 


v*' 






















,^ 












5fi 






/ 




/ 


^ 


^ i 


















^ 


' 














B 








^ 




/ 


^i 














^ 




















eo 




/ 




^ 


,■■ 




^^1 




































/ 






' ^ 




^ 






-- 































« 


u 






iid 




^ i 




k 














-J 




J 


LLl 









w In FnMurc (SUw) par Sq. Id. of Uatartal In 10 



con be Found when A. t, and V are Known 



■dovGooi^Ic 



HYDROELECTRIC PRACTICE 



11 





: 


I ' 


/ 1 1 


r- 






t 1 


/ 




/ 


0.CO6 




- I, ^^t. 


y 


/. 






: " i: 


- i 3 - 


f^ 


^/ 






f 


lE Z 


/ 


/ 




1MB 






/ 


I 






J 


iV / /Ml/ 






asm 


: : I : 


«/ ' ^- 








\ 


r , 


7 / 


iSSsgirj; 


i. T 

tattoo 




? 


Z 7 - 


/^loXt 


ludiao^ 


.am 


- ■ -i 4 


/ -, ' 


7"|lnd[. 




t 1 


' Z / 


!IiWfi 


(uns 


t 2 


J J-\t 


p^rp 








r 




1 dP^f 


0.01 




-H-/-/ 


' / ^ 




£B:Etj 




"7 7 


^fw^ 




.t-tJ7^ 




7 


ihr '"iTi. 




- Z2^^3 


^ 


„]r 


^il-s-j^'in 



iDCnueofHMdtuFMt.daa tu Sudden Stappiice of Flow 



Thicknsu In Incha 



TlikknMi Id IncbM 

Fig. 19. — Thickneaa of Steel Kpe Required for Various Diameters aad Heads 



Diq.lizedovGoOl^Ic 



GENERAL SURVEY OF WATER-POWER ENGINEERING 35 

the stream-flow data, the other the conditions o( the load, make the deter- 
mination of the total cost of an aiudUary supply for any conditions of load 
and uiy particular stream quite simple. The "percent, deficiency" curve 
is the most convenient form for the use of stream-flow data, for by assigning 
suitable values to the efficiency, the "deficiency" can be referred to any 
part of the entire system, as, to the wbeel-^aft, to the power-house bus- 
bars, to the sub-station busbars or to any other part of a hydroelectric 
system. The energy to be supplied to the auxiliary plant is deduced di- 
rectly from this curve by using the suitable efficiency. For example, as- 
sume the efficiency from the water to the sub-station buses to be 65 per 
cent., then from a stream flow of 0.5 sec. ft. and a head of 60 ft. the power 
at the sub-station buses will be approximately 1.65 kw. 
The defidency in stream-flow is approximately e]q>re88ed as 

where 

q » represents any stream flow, 
ff^tbe minimum stream flow. 

Z) — the number of days deficient (following the approximate equation 
0.08+O/220). 

This per cent, deficiency fixes the increased cost per kw. hour of the 
total combined hydraulic and auxiliary supply, for plants with storage 
capacity, when the total cost per kw. hour of the auxiliary supply is a 
constant amount. It also determines one of the principal factors that fixes 
the economical size of the auxiliary plant. The expression: (0.08'fD/220) 
means that any fixed increase or decrease in the flow will take place in the 
same nmnber of days. As the stream-flow is directly proportional to power, 
this means that the number of days used is the same at all parte of the per 
cent, load curve. 
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CHAPTER II 
LOW, HEDIDH AlfD HIGH HEAD DEVELOPMENTS 

Wh^ complete hydraulic information and data concerning a water-power 
development have been compiled the design of tiie hydroelectric end be^ns 
with a consideration of the proper number of generators and turbines, 
tranafonners and outgoing lines to supply the demands of the prospective 
load. Before deciding on these points the methods of operating the system 
as a whole should be well worked out. The general layout should always 
be considered the all-important factor, and must consider the capacities 
of the different generators, prime movera, the generating stations them- 
selves, the water conditions, the characteristics of the load, and the like. 
The problems of operation divide themselves into normal operation and 
emergency operation. 

The normal problems of operation include such factors as startii^ up a 
system, paralleling the generators and the power stations and properly 
dividing the load among them, of putting units into service previous to the 
demands of the load conditions, of regulating the voltage for the proper 
distributing points, of connecting the high-tension lines, and, in general, 
of BO manipulating the generating, tranaforming and switching apparatus 
aa to deliver the dedred load at the distributing centers, with the desired 
characterietics. These problems are met only after careful study of all 
the conditions involved, and by so laying out the power station system of 
connections, the apparatus and the transmission lines as to accomplish 
the desired object with the best efficiency. All these factors will be readily 
observed by considering the practical features that have been worked out 
for the large number of important hydroelectric stations and systems 
that are described in the following pages. 

Economy of Construction. — In the design and construction of a great 
many existing hydroelectric plants a far too liberal consideration to ex- 
travagance is apparent and equally so is the absence of proper considera- 
tion for operating economy. Of late, however, a great deal of attention has 
been devoted to the possibility of reducing the investment outlay and the 
fixed chaises for substations, particularly for small substations. This 
has brought about a rapid development in out-of-door designs, especially 
those at which the operator may be dispensed with. With the very high 
voltage systems and the consequent neces^ty for greater clearance and 
spadnga of conductors, the saving in outdoor substation installationB be- 
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comes considerable, and the limit regarding their use has not as yet by any 
means been detennined. Even in sections where severe winter climate 
is experienced, the small outdoor substation with oil-insulated transformers 
has worked satisfactorily, the only difficulty being in the case of repaira. 
In such cases where winter conditions are severe, auxiliary heating appsr 
ratus may be placed in the transformers ajid switches and an oil may be 
used which freezes at extremely low temperatures. In general, it is a 
matter of good judgment when deciding on outdoor installations to prop- 
erty consider the saving in cost and the extra lidt involved, especially in 
the large high-voltage installations. 

Transfonner Station Connectioiu. — The receiving station system con- 
nections may be either star-delta, delta-delta or star-star. The moat 
flexible system of connections is to connect hi^-voltage apparatus in the 
same way at all important generating and receiving stations. The star- 
connection (star on the high-voltage «de) with the neutral point grounded 
either at the generating station only or at both the generating stations and 
at the substations is usually advisable. The grounding may be solid or 
through Dcm-inductive resistors, this being settled by local conditions and 
personal opinion. The connection for the low-voltage side most prefered 
is delta isolated. To connect a delta-delta system of supply with a deita- 
Btar (star on high-voltage or primary ade) is poor practice, for the reason 
that a ground on one line connectii^ the delta source of supply with the 
grounded star-connected system will impress 173 per cent, of nonnal vol- 
tage across the high-voltage windii^ of two of the transformers in the group 
of three single-phase unit« or the two windii^ of a polyphase unit of the 
star-connected system, with the result that great damage due to the higher 
voltage might be done to apparatus, etc., connected on the secondary ade. 

It is of the greatest importance that the testing of the whole of the main 
plant in a power station as well as in a substation be carried out at cer- 
tfun periods and that the results obtained be absolutely reliable and be 
available for the operators in their respective stations as reference. In 
very large power stations suitable men can generally be found to properly 
carry out these duties as well as their ordinary duties, but such men are 
not always to be found in the smaller stations. The most important point 
is the overall efficiency (hydroelectric efficiency) and these tests help to 
make it the highest if they are only executed with the aim of having the 
most economical plant (hydroelectric plant) and bring to the attention 
of all concerned the capital outlay per kw., cost of operation and the coat 
of production, etc. 

Gen«ating Costs. — ^The cost of manufacturing electrical energy is quite 
variable and depends mainly upon the cost and conditions of the develop- 
ment. In the larger and more modem systems it ranges from a few mills 
per kilowatt hour for power developed in large quantities to a few cents. 
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A very interesting and accurate table of costs given by the United States 
Reclamation Service for the year 1913 followB. 





AL Enbbqt in 


HTDBOBLKcmic Stationb 


8.^ 


CiMCltT 


AhhdalLoap- 


s?rs." 


^^w^^ 


(I) Minidoka Project 
(b) Tnickee-Caraon 
c) Strawberry Valley 
(d) Salt Biver Pro)ect 
U) Boiae Project 


7,000 
1,250 
860 
8,500 
1,875 


46.1 
8.5 
11.6 
12.7 
43.2 


28,365,287 

930,360 

861,705 

9.518,570 

7,082,123 


0.128 
1.118 
2.572 
0.810 
0.268 



Non. — Hie coat dven for plant (c) is high because it indudee heavf canal chargea. 
AU the coeta are at the power plant switchboarda and include, in addition to all main- 
tenance and operating ciiarges, general chtu^ea and plant depreciation. 

The Diajor portion of the cost of a complete development is usu^y in the 
hydraulic end rather than in the electric end. In fact, the electric end 
rarely exceeds 20 per cent, of the hydraulic cost and in some lai^ plants of 
medium coat per kw. it is as low as 10 per cent. For ^ven conditions the 
cost of the electric equipment can usually be closely estimated. The cost 
of the hydraulic work, the most important factor of the total investment, 
is likewise the most difficult to estimate within any d^ree of accuracy. 
The total investment per kw. developed usually ranges between $200 to 
S300. This figure is high compared with the cost of large steam-turbine 
plants, but the latter have in general much higher maintenance and operat- 
mg expenses, ete. 

I. Hydroblbctric Station at Keokuk, Iowa, on Mississippi Riveb 
Features of Development. — ^Besides a huge power-house, 900 ft. loi^ 
and 133 ft. wide, and a dam 50 ft. high and nearly a mile long, the great 
project at Keokuk, Iowa, includes for the benefit of river navigation the 
creation of a lake 65 sq. miles in area, in place of the former tedious rapids 
and canal; a navigation lock 400 ft. by 110 ft. with a 40 ft. lift, — as wide 
and high as those at the Panama Canal; — a dry dock, 150 ft. by 463 ft., 
and a river-crossing bridge 30 ft. wide, carried on the piers of the dam 
structure. Although there are other water-power plants whose future 
extenaons will bring them within the range of its horse-power capacity, 
these are chiefly high-head installations whose physical scale can hardly be 
compared with the hi^ hydraulic structures necessary to produce 300,000 
hp. from the 32 ft. head available. The dam, power house, locks and sea 
wall constitute one huge monolith of concrete. The scale of this develop- 
ment and the relatively low potential of the water-power available have 
resulted in some interesting departures in plant design. 

This station is among the first to employ low-speed generators directly 
connected to single-runner turbines. The spiral turbine chambers are 
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unique, bedng cast directly in the monolithic concrete of the substructure, 
without the usual steel linings employed elsewhere. The method of tur- 
bine setting was necessarily unusual to withstand the tremendous weights 
which have to be supported, for each 10,000 hp. hydraulic unit weighs 
1,000,000 lbs., exclusive of the alternator. Also, the demand for excita- 
tion enei^ was so great that it was found dearabie to generate this energy 
as alternating current by auxiliary 2,000 hp. water wheel sets. In such 
form it is distributed to various individual motor-driven exciter generators 
rangmg along the 900 ft. power-house gallery, each opposite its own main 
unit. The main alternators are regulated by adjusting the fields of their 
individual exciters, in this way eliminating large field rheostats and energy 
losses. 

Dam. — The 4,649 ft. dam is a huge concrete mouolith, 4,278 ft. in lei^h, 
not including the east and west abutments, which measure 290 ft. and 81 
ft. respectively. It is made up of 119 arched spans, each having 6 ft. 
piers and 30 ft. openings. Each opening contains a concrete spillway sec- 
tion, on top of which is set a 11 ft. by 32 ft. sliding steel gate for controlling 
the discharge volmne through that section. These gates are handled elec- 
trically by cranes traveling on the top of the viaduct. The dam structure 
is 52 ft. high, 29 ft. wide at the top and 42 ft. at the bottom. Its base is 
Bet on, and keyed for a depth of 5 ft. into the river bedrock of blue lime- 
stone. 

This dam is of the gravity-section type, resisting the pressure of the water 
by its own weight. The up-stream side of the spillway sections is vertical, 
the down-stream side being rounded ofE into an ogee curve, dischai^ng the 
flow quietly into the river below. Sliding steel gates have their edges 
milled to make a water-tight joint with the iron sill-plates against which 
they fit. Approach piers have been erected to join the dam viaduct with 
shore roadways, so that the dam will serve the local conmiunity as a splen- 
did river crossing and railroad bridge. 

Extending in a gentle curve from the up-stream comer of the power house 
ia the concrete ice fender which will guard the plant forebay. Of its total 
lei^h (2,625 ft.), 2,325 ft. are made up of concrete construction carried on 
10 ft. piers, while the remaining 300 ft. are formed by a floating boom of 
timber. The concrete section comprises twenty-nine 60 ft. spans, the top 
of the structure rising 5 ft, above high water, while the openings are sub- 
merged 4 ft. below the low-water level. The fender is 8 ft. wide at the top 
and 16 ft. across at the base. Retaining walls, lock, power-house structure 
and dam are all tied together as a single monolith of concrete whose length, 
10,560 ft., or 2 miles, measured from end to end, is believed to make it the 
longest monolith of its kind. 

Power-house. — The concrete substructure for the entire 30-unit power- 
house, 1,718 ft. long and 133 ft. wide, is completed, although not entire^ 
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equipped. The Bubstnicture is 70 ft. high, measured to the geDerating- 
room floor, while the superstructure adds 107 ft. additional, taken from 



rig. 20a. — Section through Turbine Unit in Keokult St&tion of MiaoBaippi River Power 
CompEtny 

Thi* ii the Iwxnt low bud hrdnclactrio pknt yet built. Thi itatian Urout providca for thirty unit* 
euh oomprisDt > 10,000 hp. gpedal rintls nuuier verticsl Fnmd* turbine ooiuiseted to ■ vertin] 9000 krm. 
11,000 rdt, 2i oycle, thne-phus gcnnvUr opanUd ■( £7.7 r. p. m. The turbine* whiob opants onmbMd 
niyina froai ze It. to 43 ft. wen lurniihed by I. P. Morrii Company and the genermton uid alMtried equip- 
ment by Geiuni Eleetrie Company.*^ Huah L. Cooper mw chief encirHMr in chur* of bydmekctric deacn 
ADcl ooiutniotioQ of dam. powe^houH and looka. The atatioa aupentruoture, elaotrioal equipment and 
tranamiwion liuea were deagiied by Stone and Webater Encineerina Corporation, Boston, Man. — SlactrieoJ 
Wtrld. May 31, iei3. 

generator floor to roof. For the substructure foundations excavation was 
carried 25 ft. below the surface of the blue limestone bed of the river. From 
the forebay the water passes through the racks and gate openings in the 



,Goo»^lc 



LOW, MEDIUM AND HIGH HEAD DEVELOPMENTS 41 

gatehouse section of the buildlDg, thence entering four branch intake tubes 
for each 10,000 hp. turbine. These four entry openings each measure 22 
ft. by 7 ft. 6 ft. in section. Three are branch tubes opening into a common 
pass^e which delivers water to the scroll chamber at the ades and rear of 
the turbine setting. The fourth is self-contained up to the guide vanes, 
and supphes the front section of the wheel. By the design of the scroll 
chamber, 39 ft. in di- 
ameter, and moulded 
to follow the mathe- 
matical curvature re- 
quired, the water Is 
impinged upon the 
turbine blades from all 
ades with equal force 
and velocity. 

Draft Tubes.— The 
draft tubes leave the 
bucket wheels as drcu- 
lar discharge openings 
having a diameter of 
18 ft., but rapidly en- 
large in section as the 
tubes assume a hori- 
zontal direction to 
empty into the twl- 
race. At the final point 
of discharge the veloc- 
ity is about 4 ft. per 
second, or less than 3 
miles per hour, assur- 
ing quiet entry into 
the tail-pool. At the 
top of the draft tube, 
in the constricted 
cross-section, however, 
the water is required to move with a speed of 14 ft. per second, or 9 
miles per hour The t^lrace openings from the draft tubes measure 22 ft. 
8 in. by 40 ft. 2 in., being madeup in sections by two semicircles joined by 
Btrtught lines at top and bottom. The lower edge of these openings, as well 
as the bottom of the tailrace, is 25 ft. below the bed of the river. The 
twlrace is excavated to this depth for a distance of half a mile down-stream. 

San^e Runner Turbines. — Each of the main 10,000 hp. turbine units 
consists of a single 15 ft. runner equipped with balanced guide vanes con- 



Fig. 20b. — Section through Turbine Setting and Switch- 
ing Apparatus iu Keokuk Station of Miaeismppi River 
Power Company 
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trolled, through exposed operating mechaniBm, by a governor on the main 
generator-room floor. The main turbine shafts are 25 in. in diameter and 
21 ft. long. With the rotary alternator Seld in place, the total revolving 
weight carried is 225 tons. This is carried by a thrust bearing and by two 
Duun-sbaft bearings. On the first 10,000 hp. machines installed the 
standard combination roller and oil-pressure bearing employed utilized oil ' 
at 225 lb. pressure, which normally keeps the 225 ton load lifted off the 
rollers. In case of failure of the oil-pressure, of course, the load is trans- 
ferred to the roller bearings. Oil is supphed by gravity to the upper bear- 
ings, being thence drained to the reservoir under the lower bearings, from 
which it is pumped to central supply tanks. The type of thrust bearing 
used requires oil circulation at only atmospheric pressure and introduces a 
low d^ree of friction. Each main runner carries 20 buckets and weighs 
65 tons, while tiie complete turbines weigh approximately 1,000,000 lbs., 
or 500 tons. 

Conditions of high and low water level cause varying operating heads 
ran^i^ from 39 ft. maximum ta20 ft. minimum. For the average normal 
head obtained of 32 ft., the turbines are rated at 10,000 hp. At 39 ft., 
however, each unit will develop 14,000 hp., and at 20 ft., 6,000 hp. This 
low head condition was a factor in the selection of a turbine speed of 57.7 
r. p. m. At times of low head it becomes of the greatest unportance to get 
all possible rating out of the machines at 57.7 r. p. m. 

Generators. — The initial installation called for fifteen main generating 
units, each 9,000 kva., 11,000 volts, 25 cycle, three-phase vertical altei^ 
nators, having their rotating fields carried on the water wheel shafts and 
running at 57.7 r. p. m. These machines measure 31 ft. 5 in. in outside 
diameter. In height they extend 1 1 ft, 3 in. above the generator-room floor, 
the field collector rings being reached by platforms extending from the side- 
gallery level. In addition to these main units there is a pair of 1,600 kw. 
auxiliary alternator sets whose special function is to furnish 440 volt, 
25 cycle energy to operate the individual motor-generator units by which 
the main generators are excited. These aunliary alternators are of the 
same direct-connected vertical type and are driven at 125 r. p. m. Each 
has its own direct-current exciter mounted on the shaft exten^on above the 
alternator, so that the amdhary alternators can be started up as self-con- 
tained unite. 

The exciter motor-generator seta can also be driven with 440 volt, 25 
cycle enei^ taken from the main 11,000 volt bus through transformers 
provided for the purpose, thus giving an alternative source of excitation 
eneigy, besides the special auxiliary alternators. In case of emergency, 
connections can also be established with one of the duplicate 320 amp. hr. 
storage batteries used for operating the oil switches. Parallel operation of 
all the voltage regulators controlling the exciter fields of the vuious main 
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alteniators is accomplished with the aid of series transformers inserted in 
the machine leads, so that the exchange currents between units are auto- 
matically compensated for. 
Transfoimers. — At the gatehouse section of the building in a separate 



ng. 22.— W&ter Power SubsUUon at Alton, HI., Tied in witii Plant at Keokuk, Iowa 

Tbii (ubitatioo reed v iw aDoray fram th* H.OOO Tolt HnM ol tlia MitaiHippi RiTcr Pomi Company. 
Incominc u>d outcont W.OOO ndt Snai atxi outrwx 13-200 volt Iloea UrmiDaM in thla subiUlion. Oul- 
■oinc ee.OOO volt linai an carried on atee] (omn to a nibaUtioa at Eaat St. Louia, The lines are broucht 
through the Alton lubatatioa » (hat al] 66.000 volt eoeriy reeeired from the Miaiiaippi Rivar Power 
Company ean be meaNnd. Two 13,200 vott tipa at K oyde eooaeot Um Alton aubiUIion with the Eaat 
St. Louii lUtion while two 13.300 2A-<iycle linea Iranna Ihii Mation eonitsel with looal pranla. The Alton 
aubelation is divided into thive rooma. a tnntfonner room. efl.OOO volt iwitch room and 13.200 volt awitcb 
room. lishtmnc aimtfn for both iniwaunc and outfunc 60,000 and outcoinc 13,200 vcdt Unea are in- 
Btalled oc the baleony above the 13,200 volt iwitehaa. Two three-pbaae, 211 cycle 3000 kva. tranaformen, 
a thiw-phaae 2S cycle 312e kra. auto-tranafomHr and two I3.2O0/XZO to 12S Iraodormen for 66,000 vott 
nMteiint compriH the apparatui in the lubsUtloD. la the 66,000 volt awitoh-roam a 66.000Tolt oil twitch 
oonneota an iiwaaiiDs line with 60,000 vtdt biu while one 06.000 volt oil awiuh Bommta thia biu to 60.000 
volt oatcoinf line to Eaat Bt. Louia and a 00.000 volt oil gwiteh ii provided for each of the two 3000 kva- 
y dividinc the rin« bin into four aeetiona. two on each ade of the room and auppOFtJOC 
inc in tpaM wai poaaible.—KltdrKiiI IFsrU, AufUM IS, 1*14. 
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concrete cell oppoate each nuun alternator is grouped ite corresponding 
9,000 kva., three{>hase transformer unit, stepping up from the graerator 








3 of 11,000 volts, to the tranBinission potential of 110,000 volts. 
These transfonners are connected delta low-tenmon and star higb-tendon 
with the neutral lead grounded. Their boiler-steel cases measure 16 ft. 
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by 8 ft. in plan and were £^pped in two sections, to be riveted together 
on the job. They measure over all nearly 25 ft. from the floor to the top of 
the compound-filled poreelain-and-fiber buBhings. The units are mounted 
on rollers and can be run out from their cells under the traveling cranee of 
the gatehouse for removal or dismantling. Each of these transformers, 
complete with core and oil, weighs 123 tons. The efficiency rating of these 
9,000 kva. transformers is 98.5 per cent., although on accoimt of their 
great size the dissipation of the remainii^ 1.5 per cent, as heat requires 
56 gal. of cooling water per minute. Each unit contuns about 10,000 
gallbns of oil. 

Pipe connections to the bottom of the transfonner cases permit filling or 
employing the tanks while in position. The 4 in. supply line for admitting 
oil is controlled by a gate valve whose band wheel is enclosed in a glass- 
covered box in the generator room. Similarly, the quick-opening valve in 
the 6 in. discharge line is also extended through the wall to a hand-lever 
which can be easily reached in emergency, for dumping the oil contents of 
the transformer into the tailrace if made necessary by fire peril. There 
are duphcate pipe systems of circulating wa€er for cooling the transformers, 
the valves and visible discharge nozzles of each unit being mounted on the 
generator-room side of the wall opposite its cell and under the direct super- 
vision of the generator-room operators. While each alternator is closely 
grouped with its 9,000 kva. transformer, both in its position and its opera- 
tion, connection of the two is actually established through means of the 
duplicate 11,000 volt buses, to which motor-operated oil switches connect 
both generators and transformers. 

II. HtOH Falls Development on Pebhtioo Rtvbh m NorthB3n 
Wisconsin 

The dam shown in Fig. 25 is on a rock ledge. At the foot of this ledge, 
with its north wall 65 ft. from the penstock entries, is the generating star 
tioo, contEuning at the present time five 1,000 kw. turbine-generators. 
Water is conducted to the turbine wheels through 5^ in. boiler-steel con- 
duits, 8 ft. in diameter and 80 ft. in length. At their upper ends the pen- 
stock entries are protected by trash gates and by double vertical bft-gates, 
raised through racks by movable gate hoist driven by a 7.5 hp. motor. 
Each entry chamber is provided with a small hand-operated filler gate, for 
filling the penstock, and with a 10 in. air vent, through which is also brought 
out the chain controlling the valve to the drain that cleans the penstock 
chamber of leakage water. The penstocks for the exciter turbines are 3 ft. 



This dam at its 85 ft. level creates a series of three lakes extending back 
eight miles having a total area of 1,670 acres. This represents a storage of 
about 859,805,000 cu. ft., or the equivalent of 1,375,000 kw. hre., allowing for 
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80 per cent, efficiency of the water turbines. At the 75 ft. level 840 acres 
are impounded, storing 174,000,000 cu. ft., or the equivalent of 246,000 
kw. hours. The poseeasion of this large storage capacity enables the 
total monthly flow of the stream to be conserved and utiliEed as the load 
demands it. Thus, while the miTiimiiTn daily flow of the river is equivalent 
to only 1 ,200 kw. throi^h 24 hours, it becomes possible mth the aid of the 
storage of water to develop 7,000 kw. under the average load factors equiva- 
lent to 10 hours' daily use of this demand. 

Generating Units. — The main generating units comprise five 1,900 hp. 
horizontal shaft twin-nmner, plate-case water wheels driving 1,000 kw. 2,300 
volt, 25 cycle, three-phase alternators at 375 r. p. m. These imits are indi- 
vidually controlled by oil governors equipped with several improved 



Pig. 25. — High Falls Development of the Wiacoiudn Public Service Coinpftny on 

Peahtigo River 
The •UtioD at Hi(h Fmlb wu built by the Northsni Rydmleetric Poini Compuy in IBIO ud ia iq» 



1900 hp. horiionUJ tbtSt twin-niDnar plate cue water wheeb drivicc 1000 liw. 3300 Toh. SS lyala, thne- 
phaH altematon at 3TS t. p. m. The water wbeela operate under ■ bead vaiyina from 6t to 80 ft. The 
water wheels. allrrnatotB, eicilen and lovemon an of Allia-Chalmen deewu. Thia denkiptiient wh 
deacned by Prof. D. W. Mead M conmltLng ecciiieer and the mmtmclion ■upBrviaed by W. Rainakiiit m 
raideot tn^aea.—BUitntal World. N'ovember 34. 1910. 

features for securing steadiness of action. On account of the long pen- 
stocks and the comparatively light rotating parts of the units it is neces- 
sary to change the admission-^ate settings comparatively slowly, so that 
use is made of flywheels on the turbine shafts to overcome momentary 
changes of load. These flywheels are solid cast-steel disks with heavy hubs 
7 ft. 10 in. in diameter, and have a moment of inertia of 80,000 ft.*lb. 
The turbines are designed to operate under a maximum effective head of 
80 ft., but show sustained high efiiciency under heads down to 65 ft. and 
at partial and full loads. The exciter sets comprise two 376 hp. horizontal 
shaft, single-runner, spiral-case turbines, driving 200 kw., 120 volts, D. C. 
generators at 500 r. p. m. The output of either set is sufficient for the ex- 
dtation of the entire pluit. Discharge water from the turbines is con- 
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ducted through draft tubes, moulded ia the generating station concrete 
foundations, under the generating room and out into the tailrace. 

Power Station. — The power station is a two-story concrete structure, 
136 ft. by 83 ft. in plan, the second floor forming a gallery for the installa- 
tion of switches, etc. The Sat^tile roof is supported by steel truss con- 
struction 38 ft. above the generating room floor. Directly beneath it is 
the runway for a 30 ton hand-operated crane. Besides the generating imits 
on the first floor are installed the step-up transformei^, the 66,000 lightnings 
BTTeaters, the 66,000 volt tie-switches, the transformer oil-treating outfit, 
and a machine shop- 
On the gallery level are the main switchboard, the generator and trans- 
former switches (2,300 volts), the 66,000 volt series transformers and the 
operator's office. From the' generators the main 2,300 volt leads are 
brou^t up in fiber conduit to the gallery solenoid operated generator oil 
switches, closing to the 2,300 volt bus, which (except for diknnnecting 
switches dividii^ it into three parts, each carrying two machines) runs 
through all the other generator switches. One of the generators is arranged 
with duplicate oil switches for throwing onto either of two of the three bus 
sections. As the transformer switches close onto two of these sections 
the arrangement makes it possible to operate any number of generators, 
up to the transformer rating, on either group of transformers. The 2,300 
volt buses are made of J^ in. by 3 in. copper section, protected by barriers 
of H in- asbestos board. 

Tnmsfonners. — ^Tbe m^n groups of six 1,110 kw. oil-insulated, water- 
cooled transformers stepping up from 2,300 volts delta-connected to 66,000 
volts with secondaries in star, and neutral grounded, are enclosed in separate 
concrete compartments on the first fioor. E^h recess is closed by a rolled 
steel door. The valve for the cooling water and the discharge from the 
coils are brought outside of the compartment at each side of the entry door, 
thereby avoiding the necessity of entering the compartment. Combined 
with the transformers is an oil-treating and filtering system, capable of puri- 
fying and drying 2.5 gal. each minute. This outfit comprises a motor- 
driven centrifugal pump, a sand filter and a lime drier, through which the 
oil is forced, and a pair of oil-receiving tanks, one for "good" oil and one for 
"poor" oil, each holding the contents of one transformer tank. With the 
arrangement of pipii^ provided for connecting the transformer tanks with 
this oil-treating outfit, the contents of any transformer can be delivered to 
dther receivii^ tank, treated, stored, or returned to the same or any other 
transformer in the station. 

Hi^ Voltage Buses. — A novel feature of all the high voltage buses in 

this station is the use of Swedish-iron conductor, 0.375 in. in diameter, to 

increase the inductance of the station buses as a preventive of the entrance 

of lightning. Where the Unes enter the station from the outade the copper 

6 
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Fig. 26. — Hales Bar Development of the Chattanooga and Tennessee River Power 
Company 33 Miles Below Chattanooga, Teim. 
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(X>nductor8 are led directly to the lightning arresters, while the m&iQ linea 
to the 66,000 volt transformers are of iron tapped on the outedde of the 
station wall and connected to the iron buses within. 

III. A 58,000 Hp. Dbvelopuent Near Chattanooga, Tennessib 
The power station shown in Figa. 26 and 27 with its transformer house is 
built of reinforced concrete. It is 66 ft. wide by 350 ft. long, c(Hiq)ri8ing 



Elg. 27. — AiTangement of Si 

an operating building one story high and 220 ft. long and a switch and trans- 
former bouse three stories high and 133 ft. long. The operating building 
consista of seven bays, each containing two turbine units, each unit 
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cona'gtJng of three turtimes mounted od a vertical shaft with a 3,133 kva. 
S^hase, 60 cyde, 6,600 volt generator on its upper end. Under ordinary 
stages of the river only two of the turbines are used for each unit. The 
two lower tujbine wheels are 72 in. in diameter, and the upper wheel is 
65 in. in diameter. The turbines run at 112.5 r. p. m., and each unit is 
cf^wble of delivering 5,250 hp. under a head of 35 ft. 




Hydraulic Features. — ^The hydraulic portion of this development was 
the most difficult of solution as the variation of Sow is extremely large, 
ran^ng from 5,000 cu. ft. per second as a minimum to 320,000 eu. ft. per 
second during floods. For two months of the year the flow varies between 
8,000 and 16,000 cu. ft. per second; for about four months between 12,000 
and 60,000 cu. ft. per second; for about four months between 16,000 and 
60,000 cu. ft. per second, and for about two months between 20,000 and 
100,000 cu. ft. per second. During the shorter periods the maximum flow 
exceeds these figures. In view of these conditions it was found necessary, 
in order to secure uniformity of speed and regular output, to place three 
turbines on each shaft, the two lower ones operating during periods of 
high head and low flow, while the third turbine can be brought into play 
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when there is more water but less available head. For low water the 
maximum head is 39.5 ft., while under flood coaditions the backii^ up of 
water in the tailrace reduces the head to 19 ft. 

Constructioa Difficulties. — During construction work on the d^n and 
power house (1905- 
1913), when coffer- 
dams were constructed 
on the water side, it 
was found that great 
quantities of water 
spurted from fissures 
in the bedrock. Before 
concrete could be laid, 
these fissures bad to be 
closed. This was ac- 
complished by drilling 
6 in. holes to a depth 
varying from 30 to 50 
ft. Pipes were then 
sealed into the upper 
ends of the holes and 
cement forced under 
pressure into them to 
grout the fissures and 
seal them. This pro- 
cess was a slow and 
difficult one and had to 
be carried out for the 
foundations of power 
house and dam ahke. 
At times 20,000,000 
gallons of water were 
discharged from the 
fissures a day. Inclos- 
ii^ these subterranean 
waterways, something 
more than 200,000 
sacks of cement were 
used. This work de- 
layed the completion of the development to more than twice the calculated 
period. 

Changes in 1916. — ^The alterations to this station in 1916 Included the 
addition of the four generating units provided for in the original layout. 




:,Goot^lc 



M 



HYDROELECTRIC PRACTICE 



New turbine wheels were eelected for these units. Instead of three turbines 
'on each drivii^ shaft, as in the original Installation, a raogle runner, inward 
and downward flow reaction turbine of the Franda type was utilised. This 
turbine is S2 in. in diameter and constructed after a design espedally suited 




Fig. 30. — M&rahBil PUnt of North Carolina Power Company near Asheville, N. 0. 

Thia pluit u one of three opcimted by this oompuiy havini ■ oombinKl ntini ol TJSO hp. It wM 
pUMd in DtnimlioD in 1912 ud npiWDtsd u sipsnditun whui oompleted of SSOO.OOO. Of Uiii uuount 
t7G.0OO n« ti^nt in rUBJni ud rebuildins Iwo utd one-bilf milca of Inxk □( ttae Southarn R*i]wsy. Th* 
turbina aquipoient waa funushed by the I. P. Mairis Corapviy, PhiiwIetphiA, Pl. mnd the AlActrieKl squip* 
mcnt by tha WeatiD(hou>e ElecInD and MBnufictuiinc Compuiy. The plant wai deaicned by Chariea E. 
Wkddell. AihaTille, N. C.—BltHriml Warld. Febmai? 17, 1912. 

to the plant conditions. Under test it has shown an efficiency better than 
90 per cent. The arrangement is shown in Fig, 27. The new turbines de- 
velop 4,415 bp. 100 r. p. m. under a 38 ft. head. The new generators are 
72 pole machines having a rating of 3,750 kw. at 100 r. p. m. 60 cycles, 
three-phase 6,600 volt. The ten old generators had a rating of 3,133 kw., 
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and were 64 pole, 60 cycle, three-phase 6,600 volt units operated at 112.5 
r. p. m. The rating of the station as now equipped is 46,330 kw. at 120,000 
volte. 

IV. A 5,000 Hp. Devbilopment on the Frbnch Bboad River Near 

ASHEVILLE, N. C. 

The power house shown in Fig. 30 for a small southern development 
covers a ground area of 40 ft. by 76 ft., and is fireproof throi^out. It is 
built of concrete to the floor line and brick from that point up. The win- 
dows are of steel and prismatic glass. From the floor to the eaves the 
height is 31 ft.; from the bottom of the fouudaUon to the comb of the roof 
the height is 100 ft. A 50 ton electrically operated traveling crane extends 
the entire length c^ the building. 

The down-stream side of the dam is curved in such a manner as to insure 
that the water will always cling to the surface and prevent the formation of 
a vacuum under the faUing sheet, since it is generally conceded by eng^eers 
that the formation of a vacuum on the down-stream side is responsible for 
the trembhng often felt in the vicinity of an over-fall dam. In the dam 
next to the power house are two circular mud gates, 7 ft. in diameter, 
which are opened and closed by an electrically driven pump in the generat- 
ing station. The gates and cylinders are entirely submerged. The four 
penstock gates are among the largest cast-iron gates made. Each gate 
covers a clear opening of 18 ft. by 7.25 ft. and weighs 13 tons. They are 
operated in pairs by an electric motor. 

The generating equipment consists of two 1,S75 kw. three-phase altera 
nators designed for 6,600 volts, 60 cycles, directly connected to two turbines. 
The units have vertical shafts with the exciters located on top of the alter- 
nators. The voltage is stepped up to 66,000 volts for transmission. The 
entire control of the plant is from the switchboard, all gates, switches, 
motors and valves beii^ electrically operated. 

V. Station No. 2 op Appalachian Power Company Near Bluefield, 

West Va., on New River 

The hydroelectric station shown io Fig. 31 utiUzes a hydraulic head of 
neariy 50 ft. and contains four 6,000 hp. water wheel sets. Its solid con- 
crete dam backs up the water to the tailrace level of another development 
above it. Above and at the side of the generating station an auxihary 
spillway was built by cutting through a ridge to a natural sluice or gully 
paralleling the main stream. Additional spillway ler^h of nearly 200 ft. 
is secured in this way, providing for six clear 31 ft. spaas of flashboards. 

The generating station measures 170 ft. by 50 ft., not including the con- 
crete foundations and bulkheads containii^ the head-gates and trash-racks. 
The superstructure of the building is of steel and brick. It contains four 
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6,000 hp. single-runuer Francis type water wheels, each driving a 13,200 
volt, 60 cycle, three-phase 4000 kw. generator at 116 r. p. m. There are 
aiao two vertical shaft, 430 hp. water wheel-driven exciters running at 
400 r. p. m. The rotating part of each unit is carried on a roller thrust 
bearing on top of the generator. Each of the main turbines requires about 
1,200 cu. ft. of water per second at full load. The tailrace is 12 ft. deep, 
90 ft. wide and about 350 ft. long, excavated in solid rock. 

The electrical control equipment of this plant is restricted to that aa- 
Bociated with the generators only and the 13,200 volt buses. All the high 
voltage and tramiforming apparatus is installed in a step-up station located 
about midway of the 13,200 volt lines, connecting it with several other 
generating stations. 



PUIN SECTION OF WEIR CROSS SECTION OF POWER KOUSS 

FSg. 32.— Details of W«r and AirwigemenU to Test 6000 Hp. Turbines In No. 2 Station 
of Appalachian Power Company on New River 

Water Wheel Tests. — ^This development is of special interest because of 
the excellent efficiency of its turbines. The maximum efficiency under 
test of 93.7 per cent, is the highest of any turbine yet built. The specific 
speed (ft. lb. units, see page 27) at normal rating was 300. Such a high 
efficiency would be remarkable for a turbine of any type, but it is more 
so considering the high specific speed. The design of the draft tube 
is particularly important, and its cross-section was kept circular or ellip- 
tical at the outlet. Considerable care was taken in laying the concrete to keep 
the walls of the intake chamber and the draft tube as smooth as possible. The 
^ngle draft tube saves the excessive losses usually found in double-runner 
units with the draft tubes discharging toward each other. Moreover, 
there is no sudden enlargement of the draft tube at the discharge of the 
runner such as is frequently found and causes serious losses. Accordii^ 
to Camerer's formuls for obtaining the increased efficiency of a large run- 
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net over a SDiall one of the same type, the efficieacy of the nuun turbine 
should be about 1.5 per cent, more than that for a model runner. However, 
this does not take into account the smaller proportionate mechanic^ losses 
in the large unit in place (the efficiency of the large wheel in place is from 
3 per cent, to 4 per cent, higher than that given by a model runner) as com* 
pared with the mechanical losses in a model runner at the works of manu- 




facturer, amounting to about 0.75 per cent., nor does it consider the better 
draft tube conditions in place. 

During the tests the flow over a special weir was calculated by Basin's 
foimula, as this was con^dered to suit the conditions better and because 
Bazin's experiments have been conducted with so much greater care than 
experiments on which other weir formulae are based. It also gave more 
observation results. As compared with the Cornell experiments, Bazin's 
formula gives a discharge about 0.5 per cent, greater, and as compared with 
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the Frese formula from 1 per cent, greater for the higher heads observed 
down to about 0.75 per cent, for the lower heads observed. 

The over-all efficiency of the generating station to the switchboard after 
allowing for the losses in the generators, exciters, racks and headgates, 
etc., was 88 per cent, maximum efT., and from full load down to about 0.6 
load the efficiency of the station was over 80 per cent. 

VI. Station No. 2 of Calqaby Power Company in Canada 

The generating station building shown in Fig. 34 is 90 ft. long by 60 ft. 

wide, with foundation walls built up for 15 ft. of solid concrete. Above 

this they are tile plastered internally and externally. The generators, 



2 Calgary Power Company 

la em of tm pluiti oa the Bow River. The rile ie tt Kuuuikii FaUs, the other iilant bemc et 
« Fklle two milM below. The elatioD providei for two 5800 bp. rertial eincle numer reulion 
turtiinea, operAtinc under a heul of 70 ft., uid direct conrwcted tA rcrticftl geiuntor* rat^d »t 4250 kvn., 
13,000 Tolta thiee-phue 60 oyolee openlsd at 164 t. p.m. The turbiDei were furanhed by the CuudUn 
AUit Chtlraen Compuiy ud the cencraUin by the Swediih GennBl Electric Company. The awitchinc 
■Iiparatua waa eold by the Casadiao Weninghouac Company. The plant waa placed in opetatian in 1014. 
H. A Moore wai chief eDciDeer and C. W. Allen ooaatruotion Buperinlendent.— BbOrioiJ Werld, April 11. 
1914. 

station-service transformers, storage battery and machine shop are on the 
main floor. From the lower floor access is had to the turbines. An upper 
gallery supports the lightning arresters and busbars. The hydraulic 
equipment of the initial installation comprised two 5,800 hp. vertical-type, 
angle-runner, reaction turbines controlled by oil governors. These tur-' 
bines are directly connected to two vertical-type generators, rated at 4,250 
kva., 12,000 volts, three-phase, 60 cycles, 164 r. p. m. Excitation energy 
is obtuned from one vertical turbo-exciter, rated at 75 kw,, 220 volts, 600 
r. p. m., and one motor-generator exciter of the same rating. A 50-ton 
electric crane is installed for handling all machinery. Direct current for 
remote control is furnished by an SO amp. hr. storage battery, discharging 
at about 120 volts. 
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The geDerstJng station and headworka are on the south bank of a river 
about 1,000 ft. below the dam, and the water passes from the for^Mty to 
the head gates through a canal. From the draft tubes to the lower river the 
water flows through tunueb. The canal walls are lined with stone and con- 
crete, except at its mouth, where the canal passes through solid rock. It 
is 700 ft. long by 80 ft. wide at the top and 50 ft. at the bottom, and per- 
mits an available depth of 15 ft. Water from the canal drops into two 
large pressure tubes (penstocks) built of concrete, 30 ft. in length and 35 ft. 
by 13 ft. in cross-section at the head gates and 12 ft. by 12 ft. at the scroll 
chambers. These connect directly into the two existing turbines through 
wicket gates, whence the water discharges under vacuum into draft tubes 
of concrete, 30 ft. in length, with a varying cross-section area of 81 sq. ft. 
at the entrance to 13 ft. by 16 ft. where it discharges into two tunnels in- 
lud with concrete and is carried down to the river again below the falls. 
With this arrangement a total head of 70 ft. is maintained, about 25 ft. 
being gained through vacuum in the draft tubes. 

Two 3,000 kva., three-phase transformers step up the voltage from 
12,000 volts to 55,000 volts, at which pressure energy is transmitted over 
aluminum conductors. 

VII. EsTACADA Plant of Pobtlamd (Orb.) Railway Light and Power 
Company on Clackamas River 

The generating station building shown in Fig. 35 is constructed of rein- 
forced concrete. The roof is of reinforced concrete covered with p^>er and 
tar and gravel and supported by a steel truss. The dimensions of the 
building ue 175 ft. by 60 ft. 

Penstocks. — ^The five penstocks are made of steel plates 11 ft. in diameter 
varying in thickness from % in. at the intake to H i^- ^^ ^^ dischai^. 
They run in alternate bays of the dam structure and are supported at dif- 
ferent points in their length by reinforced concrete beams. The penstock 
openings in the up-stream face of the dam are of rectangular cross-section, 
11.5 ft. in diameter, with rounded comers. This rectangular section is 
not over 6 ft. long, the main part of the penstock being circular in form. 

The supply gates are arrai^ed for either hand or motor control. By 
means of the motor control the gates can be raised and lowered from the 
switchboard gallery. Each gate consists of dx horizontal 15 in. 80 lb. 
I-beams secured to two 15 in. channels, one at either end, by means of 
angles, making a square gate 12.5 ft. on the »de. The inner face of the 
head gate is covered by a ^ in. steel plate riveted to the I-beam structure. 
The raising and lowering of the gates is accompUshed by means of two 15 
in. 60 lb. I-beams, approximately 50 ft. long, secured to the I-beam struc- 
ture of the gate by means of fishplates. These two stems are spaced 5.5 
' ft. center to center. On these two stems are attached two cast-steel racks, 
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mesbii^ with the mechanism. The teeth on the racks and pinions are 
Btaj^red and shrouded. 

Tuibtnes. — Although provision was made in the building for five unita, 
only three were at first installed, each of 6,000 hp. rating, consisting of two 
VictoivFrancis bronze runners, 51 in. in diameter on one shaft — one leftr 
hand and the other right-hand. The runners are flanged to bolt on to the 
foTged shaft, and the flanges are ao designed as to allow the dismantling 
of both runners, throi^ the rear end of the turbine unit. The runners are 
perfectly balanced. Each wheel caong is made up of foiu- parts and is of 
scroll type, having a diameter at the inlet of 6.5 ft. At the point of inlet 
to the runners the caaings are stiffened by ribs cast in one piece with the 
caang. These ribs are so placed as to facilitate the entrance of the water 
and increase its velocity in its passage from the casing to the runners. 

The gates on each prime mover are cast of one piece of steel, the pivoting 
stems beii^ so placed that the hydraulic pressure on the gates will tend to 
close them. The wheels dischat^ in the center of the unit into a common 
draft tube 8 ft. in diameter. The wheels are provided with two self- 
aligning, self-oiling, generator-type bearings heavily babbitted and grooved 
for oil. Water-cooling coils have been placed in the oil space. The 
swivel-gates on each runner are operated by arms and links attached to 
cast-iron gate rings. The strength of these links and anns is less than that 
of the gate itself, to ensure an external rather than an internal breaking to 
the turbine casing in case of accident. Oil-pressure governors are used of 
a normal rating of 30,000 ft. lb. The oil pump is belt driven from the unit 
on which it is installed. The governor is equipped with a 126 volt direct 
cmrent motor with switchboard control. These governors are "dead- 
beat" in action and are so adjusted as to open completely or close the gates 
in two seconds. In addition to this governor each unit is provided with an 
emergency clo^ng device, which is mounted on the back bearing. 

A test of the water wheels at 81 ft. head showed an efficiency of 80 per 
cent, at full load, and 82.5 per cent, at three-fourths load. The input to 
the wheels was determined from the actual vertical head of water and Pitot 
tube measurements. The computed efficiency for 240 r. p. m. and 81 ft. 
head from the maker's tests for three-fourths load gave 84 per cent. The 
runaway speed of the wheels is 410 r. p. m., and they are designed to with- 
stand this speed, although the regular rutming speed is only 240 r. p. m. 
The draft tubes are circular in section at the connection to the bedplate 
and elliptical in section at the point of discharge into the t^lrace. They 
are made of iV in. steel plate, rolled with all points securely riveted, be- 
veled and calked and made air-tight. 

Generators. — ^Tbe generators are located on the main floor of the powei^ 
station and are directly connected to the water wheels. They are each of 
the revolving^field type rated at 3,667 kva., 11,000 volt, three-phase, 60 
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fig. 35. — Bulkhead SecUon and Plan of Dam and Power Houee of EBtacada Plant of 
Portland (Ore.) Railway Light and Power Company on Clackamas Biver 

TU« iMtioD WH built lo oiwraU in tindsm with im old« plant 3.9 miln up the river to take BdmiibV 
of the ■tonge durina low water monUiB, Plant wu placed in operatioii durint Nareiuber. 1911. Tba la)^ 
out ealla [or five 6000 tap, Vicloi-Fnncia turbinea each nuuwiled to a 3867 kva., 11,000 
eo eyde aewmtor opBTated at 240 r. p. m. The bead on the turbinea la 81 ft. The V 
Gl in. in diameter on one ihaft (one liiht hand and the other left hand). The in' ' " 



The trannniHni Toltaf* la 57,100 volt*.— BltOnaU World. Jul]' 13, 191S. 
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cycles, with thirty poles, and operate at 240 r. p. m. The generators are 
mounted over deep openings in the floor which connect with two tunnels 
or passageways running lon^ptudin^ly under the station fioor. These 
tunnels contfun hydraulic pi^ng and electrical conduits and cables and 
afford an excellent natural ventilation for the generators. The compound 
wound exciters are overhung on the end of the generator shaft and have 
each a rating of 60 kw., 125 volts, 240 r. p. m. with six poles. In additaon 
to the directly connected exciters there is also a motor-generator exciter 
set of 85 kw., 600 r. p. m., 125 volts compound wound, and a wat«r wheel 
to which the set is directly connected. 

An unusual feature is the use of a double-pole double-throw switch on 
the alternator switchboard panels for rendering the alternator switches 
automatic while being synchronized but non-automatic thereafter. The 
universal time-limit overload relays serve to indicate overloads or short 
circuits by lighting a special red lamp, thereby calling the operator's at- 
tention to the conditions when the operation of the alternator oil switch 
is rendered non-automatic by the above-mentioned switch." The step-up 
transformers are of the three-phase demgn, oil-insulated, water-cooled, 
11,000/57,000 volts and rated at 3,750 kva. 

Transformers.— Adjoining the main generating floor in the high-voltage 
addition to the generating station are the closed concrete cells for the main ' 
step-up transformers and the oil switch and generator-bus cells for the 
2,300 volt circuits. 

The controlling switchboard is mounted on a gallery between the two 
inner main penstocks and overlooking both the exciter bay and the gener- 
ator floor with communicating galleries connecting with the second story 
of the high-tension structure, on which are installed the high-tension line 
and tie-switches. 

From the 2,300 volt buses oil switches and double throw disconnecting 
switches connect to the primaries of the 2,300/33,000 volt, oil-insulated, 
water-cooled, step-up transformers, of which two groups of three 1,666 kva. 
units are installed. These are enclosed in separate concrete compartments 
with steel doors, and with the coohng water connections accessible from the 
passageway outside. The secondary hnes from these transformers are led 
up through the ceiling to the high-voltage line switches, deigned, like the 
transformers, etc., for 60,000 volts operation, the pressure at which the 
transmission Une will eventually operate. 

In the basement of the generating station beneath the transformer cells 
an oil-treating system capable of purifying 850 gal. of oil an hour is in- 
stalled. A hydraulic ejector operating on the 50 ft, head avulable between 
the headrace and the tail-water has also been utilized for the purpose of 
producing a vacuiun line used for cleaning machines in the generating sta- 
tion. The generating room is served by a hand-moved crane and electric 
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hoist; while runmng opposite the tran^onner bays and to the turntables 
connecting with a spui^track across the turbine-room floor is a 30 in. narrow- 
gauge track on which moves a flat hand-car having itfi deck at the level of 
the transformer cells so that uiy of these units can be transported about the 
station. 




Rg. 36. — Coon Creek Station of Northeni MisaBappi River Power Company near 
MinneapoiiB, Minn. 

Tbii pUnt WM buDt duiiua the UtMr part of 1B13 by B. M. Byllesb)' & Compwiy. lu taiin oatjnit 
!■ (B»d by the MiniieipoLii General Eleetrio Company ud u tied in with odMT wsWr power iduita M Tay- 
Im'aFKUiiuidSl, Anthony Fklli. Five nnclc runner Allia Cbalmen vertioU typa wat« wbsalt, euh ral«d 
■t 3100 hp., openu undn- 17.5 ft. bead and drive Genend Electric diRct eonnected ■eDanUn mted at 
1026 kra. and 2300 volu xt 62 r. p. m. The station Ii laid out [or seren ol theae uniU. Only motor- 
driven eiciten are used nnce all the interconnected Maljou are operated « one lyitem. The H. M. ByU 
kaby A Company KCIod h engiaeen and coiutruDlan [or thia plant. —SlKti-icnl WarU. Novamber 29. 
1B13. 

Duplicate exciter buses are provided in the station, only the positive side 
of the circuits being brought to the switchboard. Special throw-over 
switches are installed for transferring the generator-field circuits from one 
exciter bus to the other without interruption. The negative side of the 
exciter circuits is carried directly to the several machines, switches being 
mounted on the frames of each for access from the floor. 
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VIII. Coon Chgxk Develofuent Neab Minneafolis, Minn. 

The station is of brick witb a structural-steel frame and concrete floor. 
The plant is designed to utilize a head of 17.5 ft. with seven units having a 
total rating of 14,700 hp. A spillway dam 1,000 ft. loi^ has been built 
across the wider and shallower channel, and the plant structure has been 
built over the narrower and deeper channel. The entire work thus con- 
asts of earth embankments with core walls 557 ft. long,- the generating sta- 
tion and retaining section, 498 ft. long, including sluice-gates, log chute and 
fisbway, and the spillway, 1,000 ft. long, making the total length of the 
structure 2,055 ft. 

The forms for the draft tubes were constructed in sections, which are re- 
moved from the concrete sets and used over again. Construction of the 
large draft tub^ and scroll-case forms in such sections has the advantage 
of allowing the sheeting to be placed on the shore and accelerates erection, 
ffluce both forms and excavation can be worked on at the same time. Each 
tube is designed to discharge 1,320 cu. ft. per second at 17.5 ft. head. The 
spillway has been designed for a maximum flow of 80,000 second ft., al- 
though 60,000 second ft. is the maximum stream flow of which there is any 
record. 

Vertical type sii^e-nmner water wheels drive direct-connected gener- 
ators rated at 1,625 kva. and 2,300 volts at 62 r. p. m. These machines 
deliver three-phase 60 cycle enei^ to the station buses. It is stepped up 
to 13,200 volts by deltarconnected 1,375 kva. transformers. This combina- 
tion of 2,300 volt generators and step-up transformers was found to be less 
costly than equivalent 13,200 volt alternators would have been under the 
conditions of low speed and large size imposed by the low head available. 

IX. Htdboglectric Stations of New England Power Compant on 
Deerfield RrvEB 

The generatii^ station erf Kg. 37 consists of a brick and steel building 
with concrete foundations erected at the lower end of a row of penstocks 
dehvering water to the wheel casings, which are located outside of the 
generating station and connected by short shafts to the generators. The 
latter are mounted in an operating room wiiich extends the entire length of 
the building. 

This station, known as No. 2, is equipped with three 2,000 kva. units, 
consisting of & 2,300 volt, three-phase, 60 cycle, revolving field alternator 
driven throi^h a horizontal shaft by a 3,000 hp. double-runner, central- 
discharge turbine operating at 257 r. p. m. The head is 60 ft. 

The switchboard is installed on the operating floor <q}po^te the water 
wheel entrances. At one end is a 2,300 volt bus structure, with low- 
voHage oil switches installed in concrete cells having asbestos intermediate 
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barriers, the cables from the machines being run to the cells in conduit 
which is laid in the floor. A gallery is provided at the end of the operating 
room above the bus cells to carry a storage battery- for oi>erating switch 
and other minor equipment. In the upper story extending along the star- 
tion over the operating room is a transformer and high-tensioa oil-switch 
rocHn deagned for 66,000 volts and equipped with a 50,000 lb. chain hoist 
for handling transformers between this room and the operating floor below. 
Upon the tar and gravel roof is mounted a steel and pipe frame structiue 



supporting the insulators which carry the incoming and outgoing lines, 
with horn-gaps and lightning arrester connections. 

The penstocks are built of riveted steel varying in thickness from J^ in. 
at the upper ends to ^ in. at the bottom. The inside diameter is 10 ft. 
and they are about 160 ft. long and are anchored into the hillside by con- 
crete piers 26 ft. apart. 

Station No. 3. — The dam shown in Fig. 38 has a height of 60 ft. and is 
50 ft. thick at the base and 5 ft. wide at the top, its length bang about 
375 ft. The spillway is of an ogee shape, and the power house is ntuated 
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at one end of tbe dam on the down-stream side. Short penatocka coonect 
intakes on the upstream side of the dam with the wheels. The intakes are 
equipped with screens and gates to meet all requirements and anticipated 
operating conditions, while the dam is provided with sluice-gates which 
facilitate the discharge of water, ice and debris. The location of this sta- 
tion at the bottom of a gorge greatly f aciUtated handling materifUs durii^ 
construction by gravity, and an extenmve sand-washing and stone-crushing 
plant was a feature of the work. 

The three 2,000 kva., 2,300 volt, 60 cycle generators, each driven by 
double-nmuer Francis-type tiwbines are installed along the middle of the 
operating room with about 22 ft. between shaft centers and deliver energy 
directly to the low-tension switches and buses. There are two 100 kw., 
125 volt exciters, each direct-connected on a horizontal shaft to a 2,300 
volt induction motor running at 900 r. p. m. The transformer equipment 
consists of two 3,000 kva. oil-insulated, water-cooled units wound with 
2,300 volt primaries and 66,000 volt secondaries. These transformers are 
connected in delta on the low-tension sides, and in star on their high- 
teui^on ffldes. The neutrals on the high-tension sides are carried on in- 
' sulators for a short distance away from the transfojmer tanks so that they 
may be disconnected and the system operated ungrounded if necessaiy. 
Around each transformer is built a wall of concrete 8 in. thick, with a short 
brick section which may easily be knocked out on the side nearest the hatch- 
way leading to the operating room. This basin serves as a temporary re- 
ceptacle for oil in case of leakage. 

X. Swedish SimTEitRANEAK Htdsoelectric Station Rated at 
20,000 Hp. 

The installation shown in Fig. 39, while not an American development, is 
very interesting because of the location of the station equipment. 

This plant utihzes rapids which are about 2.8 miles long. A maximum 
discharge of 25,000 cu. ft. per second has been observed during periods of 
Sooda, but this is reduced durii:^ three months of the year to 1,900 cu, ft. 
and ia known to have been as low as 850 cu. ft. per second. The part of 
the rapids developed has a head of 78 ft., but whenever it is considered ad- 
visable to increase this head -a very material addition can be had by making 
use of the rapids which are found above the present dam. The dam is built 
on bedrock with steel and concrete piers faced with steel plates on the up- 
stream sides. The spillway crest of the dam has an elevation of 76.45 ft. 
There are 64 wooden gates running in removable steel guides, providii^ 
large openings for removal of debris, four steel head gates, and one large 
steel sluice-gate, which is 19.7 ft. wide and 26.3 ft. deep divided horizontslly 
into two parts. Through the sluice-gate provision is made for discharge 
during floods and for draining the pool for repairs of the dam and the 
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screens. The reason for dividing this gate into halves was to avoid a large 
superstructure and to make available the use of the lower part of the gate 
for regulating the water level, this part always being free from ice, even at 
very low temperatures. All the gates may be operated either by hand or 
by electric motors. 

Turbines.— The wheel chambers, blasted into the rock, have a steel 
lining, back-filled with concrete, and are of a cylindrical shape, 21.3 ft. 
in diameter. Four double-runner Francis turbines, each rated at 5,100 
hp. at 225 r. p. m., are mounted in a horizonti^ position at the bottom of 
these chambers, with the shaft centers 24 ft. above the lowest tailrace level. 
Two wheels discharge into the same tsulrace tunnel. These tunnels are 
about 5,000 ft. long and have a 322.8 sq. ft. cross-sectional area. At a 
distance of 164 ft. from the turbines there are large pockets in the roof, each 
of about 2,000 cu. yds. These pockets are interconnected and provided with 
vertical shafts, the object being to prevent water hammer. So far tests 
and experience have shown that this arrangement is quite satisfactory 
in its working. 

The wall between the generating room and the wheel chamber has a 
minimum thickness of IS ft. and consists munly of the natural rock founda- 
tion. The generator room is 31 ft, wide and 105 ft. long. It has an arched 
reinforced concrete roof. The maximum height of the room is 29.5 ft. 
Between the subterranean generating room and the transformer house an 
inclined tunnel serves as a communication. In the bottom of this tunnel 
there are ducts for cables and fresh air. The tunnels and the shafts are 
lined with reinforced concrete. From the wheel chambers steel tubes, 
4.26 ft. in diamet«r and back-filled with concrete, lead through the rock into 
the generating room. Through these tubes, the diameters of which have 
been made as small as possible in order to preserve the rock, are taken the 
turbine and rocker-ring shafts, spaced 2.5 ft. center to center. This single 
rocker-ring shaft is in the wheel chamber divided into two shafts placed 
diametrically opposite each other along the turbine. The governors are 
provided with hydraulically and mechanically operated hand-controlled, 
gate-setting devices. Arrangements are made for controlling from the 
m^n switch-board the small electric motors that are provided for syn- 
chronizing the units. 

Generators. — ^The generating equipment con^sts of four 4,500 tva., 
6,600 volt, three-phase units operating at 225 r. p. m. and 60 cycles. They 
are totally enclosed and provided with intake and outlet for cooling air. 
The warm air, liberated from the top of the generators, rises through a 
vertical shaft to the pump and fan-house directly above, whence in the 
winter it is distributed for heating of switch house and also for heating the 
ice racks. For the intake air, a small tower on the switch house is provided. 
The air enters through double screens and is conducted through the main 
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tunnel to channels in the gen- 
erating-room floor, the latter 
terminating in the pits under 
the generators. 

Switch House. — ^Thc switch 
house contuns all the trans- 
formers and the switch gear. 
The step-up transformers are 
divided into two groups, each 
of three single-phase trans- 
formers placed in separate fire- 
proof compartments. The 
transformers are delta-con- 
nected on the 6,600 volt ^de g 
and star-comiect«d on the 
50,000 volt side. Each group 
can carry continually 8,650 
kva., which corresponds to the 

load of two generators. A re- _ 

serve transformer of the same f 

nze is also installed. All the J 

transformers are oil-insulated 



i 



I 



and water-cooled. In order to 
protect the oil from expansion ^ 

and moisture the oil tanks are "g 

provided with expansion cham- g 

bers. Further protection -1 

against moisture in case the & 

transformer should stand un- L 

loaded for any length of time S 

has been provided by the in- ^ 

stallation of an electric-heatii^ 
element operated on a low-volt- 
^e circuit. The temperature 
of the oil can be read on ther- 
mometers on the switchboard. 
The transformers are also pro- 
vided with signal thermometers 
which sound an alarm in case 
the temperature of the oil or 
the coohng water should rise 
above a certwn predetermined 
value. 
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In the generating station tbere is only one disconnecting switch at each 
generator terminal and one umilar switch for the neutral, the latter being 
grounded through a common neutral resistance calculated for two and one- 
half times the normal rating of one generator under thirty seconds. 

Cost ot Developoient — Another very interesUng point about this de- 
velopment is its total cost per hp. developed, which is as follows: 

Water rigbU and real estate 1223.610 

Dwdlins and Engineering 17,240 

Dam, Plume and Tumiela 478,980 

Generating Station and Switch house (buildinp) 102,320 

Macbinesbt: 

TuibineB and govemcHra S31,720 

Generators 64,2S0 

TranBfoimers 28,290 

Switch-gear 42,360 

166,620 

Total covt S9SS,800 

Cost per hp., $49.00 ^^^ 

XI. Gatom Hydboelectbic Station fob Panama Canal 
The Gatum station shown in Fig. 40 is 61 ft. wide by 137 ft. long and has 
an extreme height of 74 ft. The building is designed on the unit principle 
to admit of future extension, and consists of a single room open to the roof, 
exposing the tniseee on which are laid the reinforced concrete roof slabs, 
which, in turn, support red tiles. The wails are of poured concrete and are 
30 in. thick to the level of the crane rails near the cornice. The exterior 
overhang of the main roof is 13 ft. 2 in. and that of the monitor roof 4 ft. 
8 in., the exceedingly large proportions being adopted as a shelter from the 
tropic rains as well as from the heat of the sun. 

Pqie I4nes. — ^The pipe lines are led down to the rear of the generating 
station on a uniform slope from the spillway and are connected to the tur- 
bines in the generating station through 90 deg. bends with radii of 70 ft. 
A pilot-tube testing apparatus can be attached to each of the pipe lines 
while the water wheels served are in operation. A pair of portable tubes for 
taking readings in planes of the pipe at 90 deg. from each other has been sup- 
plied for this purpose. The gross head available varies from a maximum 
of 91 ft. in the extreme flood times to a minimum of 79 ft., to which level the 
reservoir may possibly drop toward the close of the season. The plant is 
designed, therefore, to develop the full water output when operating imder 
an effective head of 75 ft. For three or four months of the year there is 
absolutely no rainfall. During this period it is desirable to conserve the 
water as much as possible, and maximum efficiency was accordingly de- 
manded for the equipment, both the water wheels and generators. Water 
is taken from the forebay through passages 12 ft. wide, fitted with wrought- 
iron racks 29 ft. 7 in. high, to prevent debris from entering the pipe lines. 
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The water is admitted 
into the pipe lines through 
three head gates, 10 ft. 6 
in. in diameter. These 
gates are of massive cast- 
iron construction, the 
seats where watertight- 
ness is required being 
made of bronze. These 
gates are equipped with 
automatic control do- 
vices, confflflting of a 
limit-switch geared to 
one of the gate stems and 
a float switch actuated 
by the water in the pipe. 
When the gate has opened 
a sufficient distance so 
that the pipe line can be 
filled m about five mitt- 
utes, the limit switch 
opens the circuit and 
stops a 15 hp. 220 volt 
induction motor operat- 
ing at a speed of 750 
r. p. m. The gate remiuns 
in this position until the 
pipe line is filled and the 
water rises in the 36 in. 
diameter £ur-vent pipe 
just below the gate. A 



Rg. 40. — Gatun Station, 
Panama Canal, Saction 
Through Generator and 
Switching Elements 

The ■UtioD oonMiia threa 2000 
kw. thnes<tiHB.220Ovi>]t, 29 cyela 
IBiieimUin drinn by GO id. vertunl 
Minjl* Tunnn FrmiicU tiu-binea nude 
by Pshon W»ler Wheel Compuny 
Tb« turbina opsrsM undar > baad 
of 75 ft. »t meed of 260 [ p m. 
Tbe oentsT o( the runiMn la 10 (t 
abon tha tail ttatar. Tarfamea an 
of tha i^nl ease pattsrn.— KiEtn- 
nl Watld. July 4, 1914. 
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float switch is then actuated and the motor circuit is again closed. Each 
of the gates is bolted to a pipe hne bavii^ a diameter of 10 ft. 6 in. and 
an average length of 420 ft. The pipe lines are made of % in. steel plates 
in courses of 8 ft. long, each course b^ng made up of three sheets to fonn 
the circumference. The center of each course is fitted with a 3 in. by a 
^ in. Z-bar ring, which is also made in three sections. After the pipe was 
riveted together at the plant, the outside was covered with a layer of rein- 
forced concrete to prevent rust. 

Power House. — The interior of the building has four principal floors, 
namely, a pit for the three 2,500 kva. complete units, a main floor and two 
galleries. The turbine pit, with an area of over 2,100 sq. ft., is 6 ft. below 
the level of the main floor and is reached by iron stairways descending along- 
side the turbines. The main floor is divided into two parte, one being par- 
titioned off and devoted to the use of the electrical equipment and the other 
forming an uninterrupted passage on the longitudinal axis of the building, 
terminating with two large entrance doors at either end. Easy access to 
railway cars is afforded by means of a track which enters this floor from 
grade through the northwest door, thus ^ving easy facility for handling 
heavy machinery by the 30 ton electric crane running the length of the 
building overhead. 

Generating Uiuts. — Each of the three 2,500 kva. main generating units 
in the generating station Is driven by a 50 in. vertical single-runner Francis 
turbine. E^h turbine has a Tuayimiim rating of 3,600 hp. when operating 
under an effective head of 75 ft. and at a normal speed of 250 r. p. m. The 
turbines are at such a height that the CNiter of the runners is 20 ft. above 
tailrace. The water is discharged from the steel-lined concrete draft- 
tubes, which are 71 in. in diameter at the point where the water leaves the 
runners, and increase in size until at the outlets they have an elliptical 
section of 9 ft. by 17 ft. The turbine is designed so that the runner exerts 
an upward thrust of 20,000 lbs. when working at its full rated output, 
thereby releasing the thrust bearing of that amount of load. 

Small electric motors are connected to the governors and are used for 
varying the speed of the main units for synchronizing purposes. A device 
is also provided on each governor for varying the permanent drop in speed 
from no load to full load. This device can be adjusted for any variation 
from a 5 per cent, drop in speed to absolutely constant speed and from 
friction load to maximum load. These governors are also fitted with hand- 
control mechanism for adjusting the gates independently of the oil pressure. 
The oil pressure for actuating the governors is supphed by two pumping 
units, driven by 10 hp. induction motors at a speed of 375 r. p. m., each 
pump being capable of serving the governors on all three units. The gov- 
ernors work on an open ^st^n, no vacuum chambers being used. 

The three main generating units are of the vertical revolvii^ field type, 
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each being provided with a directly connected exciter. The generators are 
desired for three-phase, 2,200 volts, 25 cycles with a continuous rating of 
2,000 kw. at 0.8 power factor. The exciters are rated at 50 kw., with 125 
volts and each is capable of furmahing exciting current for two generators 
under maximum load. The generators are carried on heavy cast-iron dis* 
tance rii^ and the stationary armatures are bolted to these rings. The 
thrust-bearing and upper-guide-bearing support consists of a very ri^d 
iron casting bolted to the top of the stationary armature. 

CuireDt limiting reactors are provided to give 5 per cent, reactive drop, 
with three-phase, 25 cycle current at 2,500 kva. and 2,200 volts. While 
the generator windii^ are sufficiently rigid to withstand the strain of a 
short circuit under full load, these reactors will reduce the shock on the 
windii^ and will also make the operation of ^ncbronizing the machines 
easer and safer. 

Erdtent. — In addition to the directly connected exciters, two motor 
driven exciters are used. These consist of 100 kw., 126 volt, 500 r. p. m. 
generator directly connected to a 150 hp. 2,200 volt, 25 cycle induction 
motor. These exciters can also be used for charging the control battery. 
The main switchboard is of the benchboard type, with vertical rear board for 
relays, watt-bour meters, graphic instruments and the control battery 
equipment. The exciters are controlled from the benchboard, but the 
electrically operated ^tciter switches and field switches are mounted on a 
separate board placed so as to make the exdter connections as short as 
posmble. This arrangement eliminates the exciter buses and the mun con- 
nections from the control board. On account of the great distance covered, 
energy is transmitted at a pressure of 44,000 volts. The step-up trans- 
formers are, however, Rot in the generating station, but in a substation at 
some distance therefrom. The plant generates and distributes only 2,200 
volt energy. The system of connections throughout is based on the double- 
bus, double-switch scheme, with provision for disconnecting any oil switch 
for cleaning or repairs without interrupting the circuit. 

XII. DBTELOPkiEm' OP Pbnnstlvanta Water Poweh Coupant on 
Susquehanna Rivbh at Holtwood, Pa, 
The dam for the McCall Ferry Station shown in Fig. 41, built across the 
Susquehanna River, is of soUd concrete with an average baght of 55 ft* 
and a width at the base of 65 ft. The down-stream face Is provided with 
the usual curve, and to allow for expanmon and contraction layers of com- 
pressible material are introduced at intervals of 40 ft. The dam impounds 
a body of water forming a lake above it about 8 miles in length, and in 
order to protect itself against claims for flooding property along the river, 
the company had to acquire large tracts of land on both sides of the river. 
In addition a wing dam having three submei^^ arches, through which the 
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water enters the forebay, is built at right angles to the iriEun dam, between 
which and a rock fill extending out for approximately 300 ft. at right angles 
to the shore, floating booms are provided so as to divert such ice and debris 
as are carried over the spillway. The submerged arches start at the junc- 
tion of the power house and th^ dam and extend up-stream about 220 ft. 
The ciowna of the arches are 2 ft. below low-water level, so that they are 



The hydnulie work is oomplelcd nl this pUnl tot ■ 135,000 hp. development. The oomplelton ot the 

ibMll. Inward and dDwmrard flow Frsncii type t. P. Morrig turbine rated al 13,500 hp. at S3 [t. head and 
80 per cent, (ate openini. direct eoanected W 11.000 volt, 25 cycle, three^pheee leDerator. One Geoeral 
EHeclrin 7,500 bw. generator ii initalled; four 10.000 kw. General Electne units aiHl three Wegtiofhouie 
uniu rated at 12,000 kw. The icaeraton are Y connecled and provided with a lead for crounding the neu- 
tral. Pneumatie brakes with brake beaHoi on the revo1vin« field rins itops the machine!. The total 
(talion rating in ISIfl waa SS.SOO kw. The tranimisBon voltage ii 70.000 voile alepped up by 11.000 to 

cable conductor! 300,000 e.m., 19 itrand an ueed. The bulk o[ the enem' is transmitted to Baltimon, Md.. 
OTer 40 milea of traosmisnoa Loe. The italion was built in IBiO.—EleOriaU Werld. August 2t. 1912. 

always submerged. The gap between the ends of the arch construction 
and the rock embankment is closed by the log booms, guided by concrete 
piers. Any ice which enters the forebay despite these safeguards, as well 
as ice which may be formed there, is diverted through ice shutes placed be- 
tween the power house and the shore, with crests at the same elevation as 
the crest of the main spillway. 
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The power house, gatehouse and traDsformer house was planned for ten 
uiuts, including rheostat and switchboard galleries, compartments for 
transformers and other apparatus. All of the beadworks, foundations, etc., 



Fig. 43. — Plant on James River which lights Gty of RichmoncI, Va. 

Thi* nation wnUina fom S, Morgu Smith 42 in. w«lm •rhwb of the horiwinW doubla niBDer typ^ uch 
dinet conneclsd to b 42S kri. thm-phue. 4-irin 4D00/230D volt, flO cycle fenentor opentcd it 160 r. p. m. 
The openUni head ii IS Ft. The Mation >]» oontains two turbo-Ktaenton ratwl at 1,000 kva. for open- 
tioD duriog low water. The boiler and turbine room is a Part □( the gtalion building. The plant waa da- 
■cned by E. W. TnfFord niperiDtendent and dty eleotridan.— flecOual Werld. April IS, IBlt. 

are completed for a 135,000 hp. development, the only work required to 
prepare the power house for the full installation being an addition to the 
present superstructure. The initial installation consisted of ax units. 
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£^ght units are now (1916) in operation and have a combined rating of 
83,500 kw. The generator voltage is ll.OOOand the transmisaion volt^e 
70,000. The power house is 48 ft. wide and will be 500 ft. long inmde whea 
completed with a floor 14 ft. below the crest of the dam. 

XIII. HTDROELECraiC-STEAM PLANT ON JAMBS RiTEB, NEAB 
RJCHUOND, Va. 

The defflgn of the plant shown in Fig. 43 was fixed to a certajn extent 
by the foundation of an existing steam-turbine plant in which the hydraulic 
generating units are installed. Wherever possible the walls of the old 
building, which were of dressed granite uid in excellent condition, were 
used. The buildiog is constructed in the shape of an "L," with a lei^h 
of 168 ft. and a width of 75 ft. Some excavation had to be done for the 
draft tubes of 6 ft. dimen^ons, which extended from the wheels under the 
building and at right angles to the river. 

The dam is a monolithic concrete structure, its average height being 15 
ft. The total length of the dam is 2,200 ft., extending into the stream, how- 
ever, only about 400 ft. in an almost parallel course with the shore line. 
The dam does not reach across the river, as the rights extend only to the 
center line of the river. At the center it touches a small island-dam, which 
takes the other half of the river. The pondage is very small, being only 
about 13 acres, and the plant depends almost wholly upon the flow of the 
river, which averages about 2,500 second ft. At the intake of the head-race 
dght gates are provided completely to shut off and to regulate the water in 
the race. The lei^h of the race from the plant to the head-gates is about 
500 ft. The race level is the same as that of the openings, and the over- 
flow goes over the dam crest. Trash racks are provided at the wheel-pit 
openings. There is also a drop-gate arrangement, consisting of heavy 
plates, for completely blocking individual pits in case repairs are to be made 
to the wheels. 

At present there are four 42 in. wheels directly coupled to water wheel- 
type alternators. The 425 kva. alternators are of the three-phase, four- 
wire, 4,000/2,300 volta, 60 cycle, revolving field type and run at 150 
r. p. m. The wheels operate under a normal head of 18 ft. 

XIV. A 3,000 Kw. Development on Menominee Riveb In MicraoAN 
The power station illustrated in Fig. 44 is constructed of monolithic 
concrete pillows and concrete blocks. Both the trash rack and the open 
flumes above the wheels are virtually set in the extended bed of a canal, 
the tailrace extending under the power bouse and transfonner room. The 
3 ft. solid-concrete bulkhead wall on the up-stream side of the generator 
room withstands the pressure of the 26 ft. head of water in the canal. 
The alternating current generating equipment of the station consists of 
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three 1,500 kw., three-phase, 60 cycle alternators each driven by four 52 in. 
waterwheels connected to an open flume and operating under a 26 ft. not- 
mal head. The normal rating of each set of wheels is 1,900 hp. All of the 
machines operate at 150 r. p. m. and are controlled by oil governors. Oil 
pressure for these governors is furnished by pumps belted to the generator 
shafte. DupUcate exciters rated at 100 kw., 125 volts, and 350 r. p. m., are 
installed in the center of the station. These units are driven by two 22 in. 
waterwheels also controlled by oil-pressure govemora. Mechanical gOTemora 
are generally deemed sufficient for such exciter units, but in this case for 
particularly good r^ulation oU governors were chosen. 




F^ 44 — Rapide Power Station of the Menominee and Marinette Light and Traction 
Company on Menominee River in Michigan 
Thii (tatkiD ooDUini two 1500 kw. thne-pluw. 00 cyrls Wsetin^oiiiB (eiwrsUin. diiTin by £3 In. Dkjh 
ton Qlobs wmtct wbMli opented usder 2fl ft. Doima] hciid. Ths Bnmul ntini ol «uh of the whccla ia 1,M0 
hp. Ad rndditional unit dnve* & 1, £00 kw. QenBnl Elsctric leDsntor. Tbe trwumMoD vnltafB ■ 33,00a 
ThB plant wu placnl in operntion AivuM, ISia— Bl«(rK>lt WlrU, luiuuy IT, 1914. 

As a means of stopping the generators (1,500 kw.), which when running 
light will continue to revolve under their own momentum for several hours, 
a galvanized iron tank has been placed behind the switchboard and con- 
nected as a water rheostat. By loading the three phases of a unit with 
this resistor, a machine may be brought to rest in a very few minutes. 

XV. Station on Macmbb Rivbb Near Toledo, Ohio 
The generating station building in Fig. 45 is 110 ft. by 30 ft., with con- 
crete foundation carried to bed-rock. The walls are of brick, with steel 
trusses supporting the roof. The forabay extends 800 ft. from a canal to 
the river bank and is approximately 94 ft. wide at the surface, its banks 
sloping to a width of 40 ft. to 60 ft. at the bottom, at an average depth of 
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14 ft. At its end, where the water enters the flumes, there is a concrete 
retaining wall containing three gates which are raised and lowered by hand- 
operated worm-gear. In front of the gates is located an inclined steel-bar 
trash rack carried on I-beams. The penstock flumes leave this concrete 
wall, into which they are suitably anchored at diiTerent angles, diverging 
to accommodate the center-line distances of the aide-entrance water wheel 




Fif . 46.— Station of Maumee Valley Electric Company Near Toledo, Ohio 

TUa itatioa ooatalna two double nioDei 26 in. uid odb aincls runuar 26 in. wktei wh»la whioti opente 
ODda ■ haul of 62 ft. The doubka lunnei uuiu tn at horiKHital prntlarn, irith nde entry wid oenUr dla- 
eluuie of AlU* Chdmen daain, Tbs Binsle runnsr u ol LeSel dgsicn, double dinbiirgs. The former drive 
■t 400 i.p.m. threa-phue, 60 oyole 3300 volt IBO uap par phase geuEnitora. The latUi wheal drives a IIS 
ne den^n. The plint fumlahea energy to Toledo over an S mile 13,200 volt 
n line. B. H- Livingston, aonsulting eoginear New York City, dedsned the pluit and eon- 
ujnohartaofW.P. Wslluw.eupaiinleDdenlof thaoompany.— flsdriioj World. MutsbS.ltll. 

cases in the power house below. Each penstock is approximately 230 ft. 
long and 7 ft. 6 in. in diameter, the upper sections being built of -^ in. 
boiler plate while in the lower portions this thickness is increased to ^^ in. 
The flumes have a slope of 1% in. per foot and are carried at approximately 
12 ft. intervals on concrete piers. At the top of the hill, near the gates, 
where the tubes pass under a country boulevard, the flumes are protected 
by a rrinforced concrete wall arched to carry the earth load. 
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GeaeratiDg Units. — The initial equipment in the power house comprised 
two 26 in. double-runner aod one 26 in. sinf^runner water wheels. They 
&re of the horizontal type, with side entry and center dischai^, and each 
drives, at 400 r. p. m., a 2,300 volt, 60 cycle, three-phaae alternator deliver- 
ing 190 amps, per phase. The individual exciters are mounted on exten- 
sion shafts. The epeed of these units is controlled by oil-preesure govei^ 
nors, with oil-pumps belted to the shafts. A small motor manipulated 
from a double-throw switch on the switchboard enables the setting of the 
governors to be controlled by the operator. The 26 in. single-runner 
double-discharge turbine drives an alternator similar to the other machines, 
but deliveis 115 amps, per phase. The average hydraulic head is 62 ft. 

Draft Tubes. — In the concrete foundations carrying the water wheels 
are moulded the draft tubes to dischai^ the water leaving the tiu'bine 
imits. Owing to the attention given to the draft tubes the normal vacuum 
has approached the theoretical, there being a hydrostatic head of 21 ft. from 
the ceater of the turbine to the surface level of the tailrace water. 

XVI. Hn>ROBLECTHic Plamt on Ocmulgee Riveb Nkak Jackson, Ga. 

The ultimate rating of the development shown in Fig. 46 is 33,000 hp. 
muTimiim The initial installation conMsted of four 3,000 kva., 2,300 volt, 
60 cycle generating units direct-driven by water wheels under a head of 
100 ft. The generating station ia located at an abrupt slope of the river, 
and at the site of the dam the valley is extremely narrow. The west bank 
of the river rises to a height of 120 ft. at a distance of only 150 ft. from the 
edge of the channel. The opiKtsite bank of the river is less steep, although 
the abutment extends only 600 ft. from the water's edge. A total length 
of 1,700 ft. was sufficient for closing the valley and the securing of 
100 ft. head at the plant site. The dam is a monolithic concrete structure, 
having a total length of 1,050 ft. between abutments, with a 750 ft. spill- 
way extending from the east abutment to a point near the center of the 
original river channel. The power house was built between the end of the 
spillway and the west shore of the stream, the down-stream face of the dam 
forming in part the rear wall of the generating station. The location beneath 
and at one face of the dam resulted in a simple hydraulic design. 

Penstocks. — The river serves as its own forebay, and no canal, flume or 
elaborate penstock construction was necessary, JEach unit is supplied 
with water by a short penstock, 12 ft. square, with flattened comers, lead- 
ing through the dam to the wheelpit of the station, the wheels being of the 
central-discharge type with short draft-tube connections leading into the 
tailrace. The draft tubes are elliptical in section and are 11.5 ft. by 15 ft. 
in dimenuons at the discharge end. The discbarge is carried directly down- 
ward from the wheels and deflected into the tailrace by an easy curve at the 
bottom of the tubes, so that the miniTnum amount of retardation is experi- 
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enced through friction. It was the aim of the deaigners of this plant to 
avoid reducing the wheel efficiency by leaving water pasaages in service 
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where aharp comers or unsatisfactory curves may cause a partial impedence 
to the flow. 
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Power House. — ^The power house is a brick and steel building 200 ft. 
by 45 ft. and two stories in height. The outer and division walls are of 
brick and are 20 in. thick at the first story and 16 in. thick at the upper 
story. Brick pilasters are provided for travehng-crane service. The floors 
and roof are of steel-beams and concrete-slab construction, the roofing bdng 
five-ply tar and gravel. The station cornices are of concrete and the win- 
dows are of wooden frame, sash and clear-glass construction. The down- 
stream ^de of the station is on a fine with the bed of the dam and its pro- 
file conforms to the slopes of the dam. As a result the upper floor is stepped 
back one bay beyond the lower floor. The basement of the plant is de- 
voted to draft tubes and tailrace discharge outlets, and is of concrete con- 
struction throughout. Separate discharge outlets are provided for each 
hydraulic unit. 

Generating Units. — The generating equipment of the piutt consists of 
four 3,000 kva., 2,300 volt, three-phase, 60 cycle alternators, each direct- 
connected by a horizontal shaft to a water wheel operating at 300 r. p. m. 
There are two exciter sets in service, one being driven by a small water 
wheel and the other by a motor. The exciters run at 550 r, p. m. and deliver 
direct current at 250 volts for station Ughting as well as for field excitation. 
The main generating units are of the revolving field type. The water 
wheel governors are mounted in a recessed portion of the generating-room 
wall on the same floor level as the alternators. On the dam side of the 
building is located a switchboard gallery of concrete construction, the plat- 
form being carried on steel posts set into the generating-room floor. The 
entire operating-room is served by an electrically driven crane with cab 
for controller eqiupment. Behind the switchboard is a circular staircase 
leading from the main floor to the gallery and second floor. All the trans- 
formers and high voltage equipment of the station is located on the upper 
floor of the building, where ample space has been provided for safe opera- 
tion. 

The transformer equipment consists of four 3,000 kva. three-phase, 
2,300/66,000 volt units mounted on the floor of the second story. Thar 
primaries of 2,300 volts are connected in delta and the high voltage secon- 
daries are connected in star, with a grounded neutral.' 

XVII. NiNBTy-NiNB Island Station of Socthbhn Power Compant 
ON Broad Riveb Near Blacksbukq, S. C. 
Growth of Southern Power Company's System.— The Southern Power 
Company operates five hydroelectric plants on the Catawba River in North 
and South Carolina besides the 99 Island station on the Broad River in 
South Carolina, and three steam stations of 10,000 hp. each. The com- 
bined rating of the dx water power plants is something more than 125,000 
kw. The Catawba station, rated at 10,000 hp., was built first. Itwascom- 
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pleted in the spring of 1904 and in 1905 the Southern Power Company was 
organized for the purpose of taking over this plant and developing water 
powers on the Catawba and Broad Rivers. The great system of this com- 
pany from this time rapidly sprung into existence. At this time the trans* 
mission system in the Carohnas consisted mainly of 13,000 volt lines from 
the Catawba station to Rock Hill 6 miles, to Clover 18 miles and to Char- 
lotte, 23 miles in North Carolina. In 1907 however, the Great Falls sta- 
tion of 32,000 hp. was placed in operation and 200 miles of 50,000 volt 
transmisdon line, in the spring of 1909 the Rocky Creek station of 32,000 
hp. waa completed and an additional 200 miles of 50,000 volt transmission 
line, and in the autumn of 1909 another 250 miles of 100,000 volt trans- 
misaion line was placed in service. A little later another circuit was strung 
on the 100,000 volt towers and 140 additional miles of two circuit 100,000 
volt line completed making a system operating 1,380 miles of tbree^hase 
transmission line all built in a period of five years. In the spring of 1910 
the 99 Island station rated at 24,000 hp. was completed. This gave the 
company a total capacity in four water power plants of 73,500 kw. The 
building of additional stations was not called for aside from standby steam 
plants for low water conditions until 1915, when a 30,000 hp. station at 
Lookout Shoals on the Catawba River was placed in service. There was 
under construction at the same time a 30,000 hp. station on Fishing Creek 
just above the Great Falls station on the Catawba which was placed in 
service in 1916. 

During the period that the Southern Power Company was building trans- 
missioQ lines in all directions in the south central part of North Carolina 
and the northwestern section of South Carohna there were under con- 
stfuctioQ twenty-five 10,000 volt; thirty-two 50,000 volt; and eighteen 
100,000 volt outdoor substations ranging in size from 300 kw. to 28,000 kw. 
with secondary voltages of 550, 2,200, 11,000 and 44,000 volts. A large 
part of the energy from the system is used by cotton mills, by towns and 
villages for light, power and street railway service. 

The Southern Power Company in 1916 operated over 1,600 miles of 
transmission lines, more than 100 substations aggregating 250,000 hp. In 
addition the company controls the Southern Public Utilities Company 
which retails energy purchased from the transmission system and operates 
other small properties. 

99 Island Statioo. — This station is in a way typical of the character of 
station designed and built by the Southern Power Company. It is com- 
paratively recent, being the last of the group built from 1906 to 1910. The 
development of the site embraced the construction of a spillway 891.12 
ft. long extended by bulkheads about 140 ft. on one side and 600 ft. on the 
other. The spillway was designed to afford a head of 72 ft. The intakes, 
cases and draft tubes for the turbines were built into the mascHiry of the 
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600 ft. bulkhead. The power house is a one-story structure about 220 ft. 
by 36 ft. flanked on one end by a building 63 ft. by 70 ft. which contains 
switching and transformer apparatus and ofBces. These buildings are 
framed in steel and enclosed with brick curtain walls. The floors are of 
concrete laid over arched corrugated Bt«el plates sprung between I-beams. 
Six 5,200 hp. water wheels of the top inlet, center dischai^, twin runner 
swivel gate, horizontal pattern are direct connected to six 3,000 kw. 2,200 
volt, three-phase, 60 cycle generators operated two in parallel with a bank 
of three transformers. There are three banks of transformers each made up 
of three 2,000 kva. units oil insulated and water cooled, delta connected 
to step up the voltage from 2,200 to 44,000 volts. The station is practically 
the same in equipment as the Rocky Creek station which was completed 
about a year before. The high tension leads are carried through open wells 
into the second story of the station where are mounted the choke coils, 
switches and other high tension apparatus. Solenoid and gravity operated 
non-automatic 1,200 amp. circuit breakers were used for generators; 2,000 
amp. 2,200 volt and 45,000 volt non-automatic breakers for aectionaUzii^; 
2,000 amp. 2,200 volt and 45,000 volt automatics for transformers with 
45,000 volt inverse time limit relays for feeders. The electrical installation 
was made by the Westinghouse Electric and Mfg. C<Hnpany. The tur- 
bines were furnished by the Allia Chalmers Company. The station was 
planned and executed under the direction of W. S. Lee chief engineer of 
Southern Power C<nnpany and C. A. Mees, designing engmeer. — Engineer- 
ing Record, April 2, 1910. 

Xvni. Devblopmbnt op Gbobqia-Cabolina Powbb Company on 
Savannah, Ga., neab Augusta 

Nine miles above Augusta, Ga., on the Savannah River, at the mouth 
of Stevens Creek, a 13,500 kva. hydroelectric plant has been constructed 
from which energy is transmitted at 44,000 volts to a substation at Augusta, 
Ga. This station is tied in with a 4000 kva. bydro-steam plant at Augusta 
and a 25 mile transmission line extending to Clearwater and Aiken, S. C. 
All of the energy is supplied to the Augusta-Aiken Railway & Electric Cor- 
poration, which in turn sells part for industrial power and lighting purposes. 
Sufficient water power is avulable in the Savannah River at the plant site 
to develop 31,250 hp., so the wheel pits have been constructed with this 
ultnnate development in view. The additional 15,625 hp. in equipment will 
not be installed until the market for electrical energy warrants it. 

Dam. — The dam, which is of solid cyclopean concrete 2700 ft. loi^ and 
30 ft. above bedrock, on the average, impounds water for 13 miles up-stream 
and provides a 27-ft. head normally. An additional head of 4 ft. can be 
obtwned with fiashboards. The spillway, which has an ogee contour and 
is 2,000 ft. long, is designed to discharge 450,000 cu. ft. of water per second. 
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Witt this diecharge rate the maxiinum depth over the ^illway is 14 ft. 
6 in. Buitt ia the dam are five S ft. by 8 ft. sluicegates, each of which mil 
carry off 2,000 cu. ft. of water per second. Between the spillway and the 
power house, which is on the Geor^s side of the river, are 30 ft. by 150 ft. 
navigation locks. The gates for filling and emptyii^ the locks, as well aa 

the sluicegates, are 
operated by hand at 
the present time, but 
provisions are made 
for motor operation. 
GeneiatiDg Units. 
— ^The power-house 
substructure will ac- 
commodate ten gen- 
erators in two groups, 
between which are 
the exciters and main 
switch board. Only 
the five generators 
nearest the shore and 
the exciters have 
been installed so far, 
with their protecting 
superstructure. The 
reminder of the elec- 
trical equipment, in- 
cludi i^ transformers, 
main buses and oil 
switches, is installed 
in a bay extending 
along the up-stream 
side of the power 
house. Rheostats, 
control-circuit bat- 
tery, station auxil- 
iary bus and trans- 
formers and one lightning arrester are situated on a gallery back of the 
switchboard. Each of the three transformers provided is capable of caring 
for the energy defivered by two generators. A 50-ton motor-operated 
crane runs over the main floor. Anchor rings in the wall and floor enable 
this crane to be used in moving the transformers. 

The prime movers are I, P. Morris Francis type vertical-shaft single- 
runner turbines rated at 3,125 hp. at 75 r. p. m., with a head of 27 ft. 



Fig, 48. — Power Houae of Georpa-Carolina Power Com- 
pany's 13,500 Kva. Development on the Savannah River 

Tliiaitetion(»atuiiBfiT«I.P.MorT]»FniDCd«-typa, TertiDal^hAit. nngle 
niniMr turblDea, nub rated *I 3, IZ5 hp. uid dinot «D»ated to ■ thiw- 
phua. 2.300 toIU, 60 oyde. 2.700 kn. (muimum) Weninchoiua |«Mr- 
■tor. Ths tuibiDH opumM under 2T-ft. DoRDtl knd 31-ft. naiinmni 
bend. The station I> tied in iritb & 4000 kvi. bydnnleua lUIion at 
Auguati. Qa., uid all anargy ia lupptied to the Aucugte-Aiken Railnv 
uid Eleotrio Corpontion whioh retaila it for induicriitl poaier md liaht- 
ina purxXHCa. Sufficient watAr^power la avutabla in the SiTumnh River 
■C the pUnt lita to dsrelop 31.2&0 hp., oo that the irheel pili mte eon- 
itnieted irlth thig ultimate development b view. The tmuminian Tolt- 
afs ia 44,000. Wide baae and Uttioed ateel towsra an uaed. The ayetem 
mi deaicned and constniotsd by the J. Q. White Envoai 
N»w York Cay.—'»r:triait fftrrW, NoTember 20, iflH. 
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Each ia directly connected 

with a three-phase, 2300 j -I 

volt, 60 cycle, 2700 kva. | J 

(maximum) Westinghouse ^ 

generator. The turbines £ 

have guaranteed efficient J. 

cies of 84 per cent, at full E 

load, 86 per cent, at 2950 ^ 

hp., 81 per cent, at three- ^ 
quarters load and 72 per ce 

load. With fuU load and 71 & 

power-factor, the generators 8 I- 

teed not to increase more th Q 

C. in temperature after t g 

hours' operation. J 

XIX. Phoposbd Outdoor H J 

THic Station foe the S S 

Although outdoor dedgns \ 

ing and tranfiformer stations g 

common nowadays, an outd< Os 

of generating station has yet ^ ^ 

structed. Such a design has .Ifi 

Mdered at least in one case for J 

the features of which are ah( ,g 

51. The design called for i | 

50,000 kva. and the estimated '| 

complete development follow § 

ard lines was $70 per kilowatt 

amount the power house r ^ 

$84,000. I 

In this projected installatic j| 
erators and transformers at 
doors. The control boards a 
are installed in the structur 
tailrace, where provision was 
for repuring equipment. Th( 
having passed into other hai 
stallation depicted herewitl 
made. A simpler design for : 
generating station of much g 
ing has since been made for 
ment, of a different nature, hue -^ut^iK. 
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from which would be used in carryir^ on electrochemical processes. The 

design calls for the 
largest water wheel 
ever built. — Eledrieal 
World, Sept. 25, 1915. 
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XX. HYnBOEixcnuc 
Plant or EUbtehn 
Michigan Edison 
Company on Hu- 

BON RrVEB, NEAB 

Ann Arbob, Mich. 
The Barton water- 
power plant of the 
Eastern Michigan Ed- 
Rg. 60.— MethodB o( Connecting Switches and Trans- ison Company, near 
formers in Substations of Geo^a-Carolina Power Com- t^^ ^^y ^f Ann Arbor 

Mich ., is one of a series 
of low-head power 
plants contemplated by this company aloi^ the Huron River. The ulti- 
mate development will probably include nine similar plants, varying in 



eoma-Carouni 
pany Served from 44,000 Volt Transmismt 

[Bm ibwriptiTe title under Fic. tS.) 




Rg. 61.— Perspective View of 50,000 Kva, Outdoor Type Generating Station 



head from 14 ft. to 32 ft. and utilizing a total fall of about 215 ft. This 
plant has a turbine rating nearly twice the average annual or equalized 
flow of the river, notwithstanding the fact that there is no artifiaal storage 
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of flood waters above the dte. This large turbine rating is warranted in 
this case because the Eastern Michigan Edison Company operates one 
steam and four hydraulic generating stations and is connected by duplicate 






transmission lines with the large steam stations of the Detroit Edison 
Company. The relatively small total rating of all the generating plants 
of the Eastern Michigan Edison Compai^ in comparison with the Delray 
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and Conners Creek steam plants of the Detroit Edison Company allows 
the hydraulic stations to contribute power to the system at such times and 
in such amounts as they are able to produce at their best efficiency. The 
result is that water is wasted over the spillway of the Barton dam only in 
times of considerable floods, which last during an average year less than 
two weeks. In other words, excess machine capacity, in conjunction with 
a large distribution system, has made posdble an economical water utilisa- 



Flg. 53. — StalJoD of Eaatem Michigan Company on Huron Biver near Ann Arbor, Mich. 

Thia itetioD u ona of foor pluiCa on the Huron River vhich Km u Kuxiliuy it&tioiii to the Delny uid 
Coniien Cnek MiUoim of Ibe Detrait Edisun Company. The Mition conlribulae power to the lysMm M 
nnb tiraai uul nioh ■n»unU u eta be lued moat esmioiiiioilly. Ono vertioal S8 in. turbine drives ■ 1000 
kw. (enentor ud mnother S7.fi in, turbine drive* > fiOO ko. lenentor. » Chmt (he lUtion ou be opeimted 
effioiutly over IokI na^u from StOkw.to 1600 kw. The turUnei opente under s normal heul of 20 ft. 
The emucruMion eoM per initalled botw power of nuun turbima wsa t0S.3O or I13JS per kw. of aenerktinc 
equipment. Tbe plant wae deucned and itj eonatruction vaa luperviaed by Gardner B. WiUianu, Ann 
Arbor, Mish. Tboeleetiioal equipment waafumiihed by tb.] OenBral BUectrie Company and tbebydnulio 
equipmant by the Allia Chalmart Company.— StK«rval Watld, Dwomber 25, tSlS. 

tion that is sometimes accomplished by extensive storage reservoirs in the 
head waters. 

Power House and Equipment. — A lon^tudinal section of the power 
house is shown in Fig. 53. The building houses two main units, one a 
68 in. turbine directly connected to a 1000 kw. generator, the other a 
573-^ in. turbine directly connected to a 500 kw. generator. Units of differ- 
ent sizes rather than two alike were installed to increase the plant efficiency. 
Thus high efficiency is had over a range of load from 250 kw. to 1500 kw. 
Between the two main units transversely, and up-stream from them, is the 
exdter unit, which consists of a 16 in. turbine and a 50 kw. exciter. All 



■doyGoot^Ic 



LOW, MEDIUM AND HIGH HEAD DEVELOPMENTS S3 

three are vertical units, the turbines B 

being set in open-scroU-case wheel | 

pits. The larger wheel pit is 16 ft. 5 

3 in. and the smaller 10 ft. 3 in. s 

wide, dimensions which keep the 'S 

approach velocities down to about E 

2 ft.'per second at maximum capac- < 

ity. The turbines are set over con- S 

Crete draft tubes which discharge § 

the water into the taiirace at a vel- ■« 

ocity of about 3 ft. per second. ■ 

Among the unusual features of 8 

the power house are the two sluices | 

which take water from the pond J 

up-stream from the turbines and 9 

dischai^e it into the draft tubes. ^ 

During the period of construction 
these sluices were used to carry the 
low-water flow of the river, and in 
the completed structure they afford 
a means of readily lowering the 
pond whenever desirable. Each 
sluice is controlled by a caat-iron 
sluic^ate operated from the thrust- 
bearing floor. During the flood sea- 
. son of the year the sluices are also 
used to assist in regulating the pond 
level, and the dischai^g of the 
water into the draft tubes results in 
an increase of the power output of 
the turbines, compensating in a 
lai^e measure for the decreased out- 
put due to rise of the taOwater level. 

Transmission and Switching Ar- 
rangements. — The generator voltr 
age is 2,300, and is stepped up to 
23,000 volts for transmission. 
Both high-tension and low-tension 
switches are installed in the switch 
room directly below the switch- 
board and are manually controlled 
from the board. The switch room 
has a clear height of 16 ft. and oc- 
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cupies the down-etream third of the structure immediately below the gener- 
ator floor and behind the wheel pits. Here are also the house-eervice trans- 
formers and main house-distribution panel. 

Below the switch room is the transformer room, containing two banks <rf 
oil-cooled 2,300/23,000 volt, abtty cycle transformers of lOOQ sw. and 600 
kw. rating each. The window openii^ in this room are the full height of 
the room and are closed with galvanized-steel louvers with steel inside doors. 

XXI. The 20,000 Kw. Dbvblopubnt op Wisconsin Rivbe Powbb 

CoiiPANT AT PHAIRIB DU SaC, WiS. 

The hydroelectric plant of the Wisconsin River Power Co., at Prairie 
du Sac, \^^., has the two specially interesting features of being built upon 
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Pten of Optraliog Pkilfonm 3,1 ^^ xoinlw 6alM 



F!g. 56.— Section through Hollow Concrete Dam Built on Sand Foundation 

a deep sand foundation and having the crest of its dam formed by a series 
of large Tainter gates. The work comprises a power house 329 x 145 ft. 
at the west side of the river channel, a hollow concrete dam 1,000 ft. long 
and an earth embankment extending 1,700 ft. beyond the east end of the 
dam. Between the power house and the dam are a log chute and a navigap 
tion lock 35 by 170 ft. 

Dam. — The dam is of the hollow concrete type, with interior buttreaaes 
and a long apron on the down-stream side. The crest is formed by a row 
of Tainter gates 14 x 20 ft. The buttresses are spaced 8 ft. c. to c, and 
between them are two lines of reinforced-concrete struts. Each third but- 
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tress is 4 ft. thick and is carried up as a pier to support the gates and operat- 
ing platform. The intennediate buttreeaeB are 18 in. thick and are entirely 
within the dam. All the buttresses have openings 3 x 6 ft. connected by a 
concrete-slab footwalk for inspection purposes. The sand beneath the dam 
ifl confined between two lines of steel sheetpiling — a line of 50-ft. sheeting 
under the up-stream face and a line of 30-f t, sheeting under the end of the 
apron. A filling of boulders and loose rock is placed inside the dam, and a 
clay and gravel fill is placed above the up-stream line of sbeetii^. Special 
provision is made against erosion below the end of the concrete apron. A 



The power hoUM vutHtniotuiQ ii of rnaforosd ood 
oentcr. Thi sntire powsr bouM iiraii 329 ft. by 14S It. ii iniloaBd with itecl ihem piliiii. Tbt (UUoa wm 
buill in 1014 uul ■Iter two yun of opantion do nttkment or cimcki bkvg bMS Dotinad. Tb« hyout 
prfividcfl for aigbt 3500 kw. ceEHrmtinf units nx of whieh wen inoludad in tba initial iutallatian. Eaah 
unit oonaina of a tuibioa hnving four 64 in. wbeab on a nncle line of hoiiaontal ihaltinc oparatinc imdsr a 
haad of from 23 to 31 fL The unic under iiuuimum bead develDjM 4000 bp. Eiuti turbine M( ii conoMteil 
to a 3A00 kw. geneiator two being 60 oyele and four 36 oyela machinea. Tlw plant waa deaicned and built 
under the dination of Prof. D. W. Mead and C. V, Seaitone of Madisoo, Wig., ai chief eociDeen of the Wu- 
eonrin River Power Company, B. O. Walker mu nndent 'entjneer in oharie of Donitruation. The son- 
tractor for the entire oonatruction of the dam, power houae and look, including the plaoing of the iteel 
Taintar gata and Ibe locV (atea. waa Jams O. Heywonh, of Chicago. The Taintar B>lee were built by tba 
Lakende Bridge and Steel Co., of North Milwaukee, Wia. Tbe atael galea lor the look were built by the 
Federal Bridge Co.. of Waukeaha. Wii. Tbe turbinea and generaton were built by the Altis Chalmen Co., 
of MilwaukM, Wte.— £iwiiH*rvv Ktw$. June IS. 1916. 

heavy mat 30 ft. wide is laid against the down-stream sheeting, at a depth 
of about 15 ft., and is covered with a fill of heavy rock. 

Power House. — The power house is of reinforced concrete supported on 
round piles spaced 4.5 ft. center to center. The entire area 329 x 145 ft. 
is inclosed with sheetrsteel piling which is 50 ft. long in the upper line, 15 
ft. in the lower line and 40 ft. in the line between the power house and lock. 
An intermediate line of 15 ft. sheeting was driven about 50 ft. below the 
upper line. The draft tubes are of special design, each unit having two 
separate draft tubes extending to within 25 ft. of the down-stream face of 
the power bouse. At this point they are joined and contmued as one 
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opening. The draft tubes were moulded in the ctmcrete and steel fonns 
were used to produce the desired surface. As a considerable portion of the 
concrete surrounding the draft tubes was placed during winter weather 
the steel forms afforded an excellent opportunity to build fires inside and 
keep the temperature above freezing. The superstructure conmsts of a 
brick building with two concrete floors. The entire structure rests on a 
foundation of sand and is supported on piles. No settlement cracks have 
been noticed after two years of operation. 

Generating Units. — ^Each turbine unit confosts of four 64 in. wheels on 
a single line of horizontal sh^ting. The turbines are designed to operate 
under a head varying from 22 to 34 ft., and under a mftYimnm head each 
unit will develop 4,000 hp. The sh^ts are extended throng the bulkhead 
and connected to 2,500 kw. generatora. There will be eight generator 
units. Six of these are installed, two furnishing 60 cycle and the others 
25 cycle current. 

The turbine cRambers are formed of reinforced concrete, with 3-ft. walls 
separating the various chambers. A 3-ft. wall also separates the generator 
room from the penstocks. Water is admitted to each tiu'bine unit through 
three openings between concrete piers. Each opening is 10.5 ft. wide and 
is controlled by a double-leaf steel gate. The gates are operated from a 
gantry crane that may be moved the entire length of the power house. 

A transmission line runs to Portage, 24 mi., where it connecte with the 
existing 26 cycle line extending from the Southern Wisconsin Power Co.'s 
hydroelectric plant at Kilboum, Wis., to Milwaukee. Another transmis- 
sion line runs direct from Prairie du Sac to Madison, 28 mi., and two short 
lines serve half a dozen villages in the neighborhood. 

XXII. Induction Generator Station op Grbenpibld (Mass.) Elbc- 
TBic Light and Power Coupant on Greek Bjvbr, 
An interesting installation on the Green River in Massachusetts consists 
of a 24 in. double nmner horizontal water wheel belted to a 100 hp. three- 
phase 2300 volt squirrel cage induction motor driven above synchronous 
speed to oi>erate as an induction generator. The water wheel is controlled 
by a governor which holds the load speed at about 15 per cent, above nor- 
mal. If the load should be dropped for any reason the set will not run away. 
The motor is connected through an automatic switch and meter to a 2,300 
volt distribution line. Ordinarily there is sufficient load on the line to 
absorb the output of the induction generator; however at l^ht load the out- 
put is fed back into the main station bus. The attention given to the plant 
is mainly at tihies of changes in shifts at the main station three times a 
day when the operator stops on his way to work to read the meter and make 
any necessary adjustments. 
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XXIII. A 5,000 Kw. Develofhent Neas Defiance, Ohio. 

The dam for the development in Fig. 57 is made up of 25 15-ft. bays, 
with a total length of 375 ft. Three gates, each 30 ft. wide, and the main 
generatJi^ room of the power house, 145 ft. long, are built across the bed 
of the stream and form part of the dam. At this point the river is 610 ft. 
wide, and under normal conditions the dam furnishes an effective head of 
26 ft. There are in all, II gates — two for each generator and one for the 
exciter unit. The gate hoist is able to raise a single gate in about 15 min-, 
utes. The hoisting mechanism is driven by a 5 hp. motor taking energy 
from one of several outlets in the wall along the track. The gates are 
hoisted from a lO-ft. gate house runiung the full length of the generating 
station on the up-stream side. At the site of the power bouse and dam, 
as well as many miles up-stream, the river banks rise abruptly to an &p- 
proximate height of 30 ft., affording an excellent natural basin for impound- 
ing water in the periods of maximum river flow. 

Generating Units. — ^Thts generating station contains five 1,000 kva., 
2,300 volt, 25 cycle, three-phase, star-connected, revolving-field alterna- 
tors spaced in a single row down the middle of the plant at a distance of 
23,5 ft. between centers. The vertical turbine wheels, which run at a 
qjeed of 94 r. p. m., measure 9 ft. in diameter, and each is equipped with 
20 buckets. All wheels are of the single-runner type and the weight of the 
rotating element is carried by a huge bearii^ at the top of the machine. 
Three guide bearings spaced along the vertical shaft keep the rotating parts 
in alignment. Both the main bearings and the guide bcEirings are water- 
cooled. With the water level at the spillway crest a 22 ft. head is obtained 
at the wheels. 

The turUne bearings are oiled from the floor of the station by an auto- 
matic pump which supplies oil at pressures varying from 200 lb. to 300 
lb. per sq. in. A pressure relay in the oil system controls the automatic 
starter of the motor-driven oil pump. The turbine governors are all siqv 
plied with oil at 160-lb. pressure from a central oil pressure system. The 
two 25 cycle, 220 volt, 40-hp. motors driving this apparatus are automa- 
tically started and stopped by the pressure variations of the system. Two 
motor-driven pumps supply water at a pressure of 40 lb. to the transformers 
and generator bearings and for other general purposes. 

Exciters. — The exciter equipment is divided into three units, one of which 
is a 125 kw., 125 volt, machine driven by a vertical water wheel of the 
same type as the larger units. This exciter is used only when the water 
supply is plentiful. The other two units are driven by 25 cycle, 2300 volt 
induction motors and are capable of producing 125 kw. and 75 kw. respec- 
tively. All of the exciters are wired so that they may be switched to a 
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commOQ bus from which enei^ is distributed to the field windings of the 
alternators. A 40-ton crane serves all portions of the generatii^ room. 

For stepping up the voltage as the energy leaves the station five three- 
phaae, 1,000 kva., 2300/34,600 volt, 25 cycle, composite-type transformers 
have been installed. These water-cooled units have both their primary 
and secondary windings connected in delta. Each of the main groups of 
transformers feeding the transmission line is protected on the transmission- 



fig. 57b. — Station on Anglaise River near Defiance, Ohio, Operated by AngUiie Power 
Company 

Thij pluit wu oompleted in 1012, lU equipmsat ooniuta ot Gre AIIi« CluliuHa IQOO kv*. 1,300 mlt, 
2S oyole, Ihree-phue Y ctniDeeted lennmlan drirsa by vntiul tuibiu wheels U m qieed o( M r. p. m. 
The opentdna haad i> 22 ft. The tnuumislDii vidtut is 34.600. The eii«iaearui( work wh in olui(* of 
R. R. liTinotiin, i»nniltin« enpneei, New York Gty. —Btmntal World, NoTBiidlw 1, ISIS. 

line aide by aluminum-cell hghtoing arresters designed for use on drcuits 
operating at 60,000 volta. 

XXIV. Talluiah Falls Development of Geobou Railwat and 
Power Compant in Nobthebn Georoia. 
The Tallulah Falls generating station shown in Fig. 58 is 192 ft. long by 
48 ft. wide, and contains space for six m^n units spaced on 28 ft. centers. 
The lower chords of the roof trusses are 49 ft. above the generator-room 
floor. Massive concrete construction was used for the foimdation, the walls 
being of concrete to an elevation 1.5 ft. above the main generator floor. 
The generating-room floor is constructed with heavy steel ^rder beams to 
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distribute the load from the generator frames, and the concrete is mono- 
lithic with the side walls. The structural-steel framework of the building 
rests on solid concrete foundation walls. A plate prder runway is provided 



Fig. 58,— Tallulah Falls Station of the Georgia Railway and Power Company 

1,400,000.000 cubic ttel; ■ diveniaD dua ni milea below on tbe TnlluUb Rivec, k BpecUl inUke to ■ 
ooucnte lined tunnel 6.870 [t. 1od| (hnugb solid rock to ■ gtniclunl uleei rciniorced fnrabsy ud surge 
Imok. From Ibis eurge tank Bve steel pennocks, 1,200 ft. lonE, 5 ft. in diuaetc [ with s pTovinoa for sii. 

euh driven by a 18.000 hp. verticil shaft S. Morsan Smith Francis type turbine opcntinc under ■ haad of 

lioe at 110,000 volu to outdoor ■ubnaiions localod iu diffBicnt paruof the Sut« of Georgia. The itonse 
at TaUuUh Fails i> 63.000,000 cutuc ft., made available tor the water wheels by the main or diveison dun 
at limes of smallcet stream flow, Bsnd on lowest recorded stream flow, the minimum available powei 
due to both lb* diversion dam and the Mathis storage dam is 90 million kw.-hr. per year. According to 
the average recorded stream flow for years 1900 to 1913 there i» available 12S million kw.-hr. per year with 
the propoaed power plant at Mathie dam raising this figure to about HO miUioo kw.-hr. on a 24 hr. oper- 
ating baas. Tbe Tallulah Falls development was deagned by C. O. Lens. conaulCing en^neer, New York 
City, and tbe uinnruciiao in charge of Charles A. Adsit, (or the NorUiera Contracting Company. The 
plant waa placed in operadon lata in KlS.—Bkahral World. December 20, 1013, and Junwry S, 1916. 
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for a 60-ton crane. The side walls of the generating station are constructed 
erf red brick with marble pilaster caps and window sills. The roofing is of 
reinforced-concrete tile construction colored red to harmoiuze with the 
coloring of the side walls of the building. 

Power Statical. — ^The general construction of the tr^isfonner and switch 
house building is similar to that of the main generating station building, 
exc^t that there is no monitor and the roof trusses are of a special design 
with a raised cord to provide space for the necessary buses without unne- 
cessarily ru«Qg the walls of the building. A straight-flight steel stairway 
with landings connects all the floors. A traveling trolley hoist electrically 
operated is installed for raising materials to the upper floor. The trans- 
formers are placed on one side of a track which forms the runway for a 
transformer truck. 

The first floor contains a 250 kw. Pelton water wheel, taM>ed off from the 
penstocks, which is used to run an auxiliary exciting generator, and also a 
small compressor plant to supply air for cleaning and other purposes. The 
transformer room is above the low voltage room, the elevation of the low 
voltage switch-room floor being the same as that of the gallery in the generat- 
ing station. This room provides space for 18 transformers. The high 
voltage switch-room is located over the transformer room and contains all 
the high voltage switching gear of the station, as well as the high voltage 
buses from which the electrical energy is taken by the transmisfdon lines. 
The transformer and switch house is 250 ft. long by 50 ft. wide, and is 
ffltuated on the dde hill of the gorge back of the generating station so that 
the front wall is 25 ft. to the rear of the back wall of the generating station. 

Penstocks. — ^From the forebay the water is conducted to the turbines 
through 60 in. penstocks, there being six of these installed, one for each 
18,000 hp. unit. The penstocks axe of riveted steel varying in thickness 
from ^ in. to ^ in., and are from 1,200 ft. to 1,258 ft. in total lei^h from 
the forebay to the power plant. The greater portion of the penstocks are 
on grades exceeding 70 per cent., the maximum grade beii^ 150 per cent. 

At the upper end of the penstocks remote-controlled motor-operated 
gate-valves, 60 in. in diameter, are provided. These valves are provided 
with limit switches and are operated from the generating station. At the 
lower end of the penstocks a heavy anchorage casting of cast-steel is sohdly 
embedded in the concrete of the generating station and connected with the 
turbine casting on one side and with a hydrauUcally operated gate valve. 
Above the hydraulic gate valve and just outside the generating station 
building a Venturi meter with 35 in. throat is installed in each penstock. 
The penstocks are carried on concrete piers. At or near each change of 
grade a heavy concrete anchorage block is provided for each straight sec- 
tion over 100 ft. in length. (See Fig. 8, page 19.) 

Water Wheels. — The water wheels in the Tallulah Falls station of the 
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Geoi^ Railw&y &, Power Company were placed in service during the latter 
part of September, 1913. They were originally specified for a normal rating 
tA 16,000 hp. at 5S0 ft. effective head when operating at 514 r. p. m. with 
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the generators connected to them rated at 10,000 kw. On account of the 
fact that the design of the generators exceeded contract specifications, it 
was found that they could carry 12,000 kw. continuously at 80 per cent, 
power-factor and a temperature rise not exceeding the specifications for 
10,000 kw. (40 deg. C.}. The water wheel ratings were therefore modified 
by the builders and increased to 18,000 hp. normal, to conform with the 
increase in generator rating. The units have carried 19,000 hp. during 
tests. Five units are installed with provision for a sixth, makmg the ulti- 
mate station capacity 108,000 hp. under normal operating conditions. 
These units have been 
in continuous service 
since being installed. 

The water wheels 
are of the vertical 
shaft, commonly 
known as the Francis 
type, equipped with 
bronze runners and 
forged 8t«el gat«s. The 
wheel shaft is of a 
special grade of forged 
steel, made in two sec- 
tions, the lower 14 in. 
and the upper section 
16 in. in diameter. The 
complete shaft weighs 
20,000 lbs., and tie 
complete turbine unit 
wei^ 300,000 lbs. 
The spiral casing of 
each unit is made of 

special grade cast iron station of Gwrpa RaUway and Power Company 
in one piece, with an 
inlet diameter of 45 in. connected to a hydraulically operated 454n. gate 
valve for cutting ofiF the water from the spiral case. A 20-in. nozzle tan- 
gentially opposite the 45-in. inlet is provided on the scroll case equipped 
with a 20-in. heavy gate valve and a 20-iii. rehef valve, the latter being 
under the control of the governor. The relief valve is designed to dischai^ 
70 per cent, of the discbai^ of the turbine under operating head with sud- 
den closing of the gates, and is connected to the scroll case of each water 
wheel on a center line with the penstock connection. 

Draft Tubes. — The discharge from the wheels is through draft tubes, 
the upper section of which is of cast iron fitted with two large man doors 
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directly opposite one another, and this section passes through a chamber 
under the turbine fioor from which access can be had to the draft tube 
under the runner. The lower end of this section terminates in a castr-iron 
curbing which is built into the floor of this chamber, and the connection 
between the draft tube and the curbing is made by means of a bell and 
spigot joint. To the lower flange of this curbing is riveted a draft tube 
mode of plate steel and built into the concrete from the floor of this chamber 
to the point where it discharges into the tailrace. The center of the wheel 
is set 22 ft. above the level of water in this tailrace. 

While the water wheels were designed to operate under and tests were 
computed for a net effective head of 580 ft., the actual bead under which 
the plant operates is 606 ft., owing to the natural fall of the Tallulah River 
and a 110-ft. dam. This is at present the highest head under which tur- 
bine wheels are being operated in the United States. 

Acceptance Tests. — By contract agreement between the S. Morgan Smith 
Company, the builder of the wheels, and the Geoi^a Railway & Power 
Company the units were to be tested before acceptance to determine the 
amount of bonus or forfeiture to be considered in connection with the con- 
tract price. This bonus or forfeiture by agreement was based on the dif- 
ference between 83 per cent, and the efficiency shown by test when the unit 
' was developing 0.8 of its maximum power (about 19,000 hp.) at 614 r. p. m. 
under 580-ft. head. 

EffideiU7 of Water Wheels. — Although five units were installed and in 
operation, it was decided to test tbree units, and for convenience erf 
operation Nob. 2, 3 and 4 were selected. During the test of each of these 
machines the other four were shut down and their hydraulically operated 
gate valves closed. The efficiency of unit No. 2 at 80 per cent, of its maxi- 
mum output was 88.3 per cent. The highest efficiency for this unit was 
89.3 per cent, at 0.76 gate opening and 16,750 hp. The efficiency of unit 
No, 3 at 80 per cent, of Ha maximum output was 89.9 per cent. The highest 
efficiency for this unit was 90.4 per cent, at about 0.75 gate opening and 
16,875 hp. The efficiency of unit No. 4 at 80 per cent, of its maximum out- 
put was 88.7 per cent. The highest efficiency for this unit was 89.50 per 
cent, at approximately 0.76 gate opening and 16,900 hp. 

The load on the generators was obtained by means of two three^hase, 
star-connected, 63,500 volt water rheostats connected on the primary side 
of the station etep-up transformers, giving approximately equal loads on 
the three phases at approximately unity power-factor. The output of the 
generators was measured by means of a standard indicating wattmeter 
connected to instrument transformers which were connected to the gener^ 
ator terminals. The current and two potential transformers were connected 
in open delta on the secondaries and connected to the coils of the indicating 
wattmeter to measure the total output. In addition to the indicating watt- 
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meter, a etatidard watt-hour meter, an indicating ammeter and voltmeter 
were used. The ammeter and voltmeter were transferred to all the three 
phases for three- 
phase readings. 

Calculating Effi- 
dendes ui Gener- 
ators and Ezdters. — | 
The efficiencies of the ; Z 
exciters for the vari- i | 
ous outputs were g 
taken from a large- | 
sized efficiency curve, | "§ 
which had been plot- |- ^ 
ted from data ob- J 
tained from the shop 
tests of the machine 
builders. The exciter 
outputs were divided 

by the efficiencies was Accepted and Paid 
taken from the curve 

in order to obtain the exciter input. Efficiency curves for the generators were 
plotted from shop-test data of each machine, and the efficiencies obtained 
from these curves for the various outputs were used to obtain the generator 

input. The effi- 
ciencies obtained in 
this way included 
excitation. 

The power de- 
livered to the water 
t wheel shaft was de- 
|_ rived by taking the 
^ generator output 
£ and dividing it by 
the shop efficiency 
of the generator, 
which included the 
excitation among 
other losses. The 
exciter output was 
then divided by ite 
shop efficiency. These two results were then added together, and from 
this sum a deduction for excitation was made. The final result was the 
net power delivered to the water wheel shaft. 



hrC«nf Oote Opaning 
fig. 62. — Power and Efficiency for Unit No. 3 in Tallulah Falls 
Station which Showed the Beet Performance 
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GeneratOTB.— The generators are of the vertical type rated at 12,000 kw., 
514 r. p. m., 6,600 volts, 60 (^des, three-phase, with 100 kw., 250 volt 
exciters mounted on the dom» of each. Each exciter is capable of exciting 
two generators at its full load- Theee generators complete have a fij^wbeel 
(WR') rffect <rf 1,250,000 ft-lb. The switchboards overlook the main 
operating room of the switch-control house which joins the generator 
building to the switch house. A benchboard contains all the control 
switches, mimic buses, signal lamps, etc., and directly in the rear are the 
vertical instrument panels containing indicating and other instruments. 

Three 3,333 kva., sin^e-phase tranaformers per generator group step up 
the voltage from 6,600 volts to 63,500 volts, giving 110,000 volts to the 
line potential when star-connected. The neutral of these transformers is 
connected through a neutral resistor at the end of the switch house. IVom 
the hi^ voltage terminals of the transformers the energy is carried throi^ 
high vdt^e oil-ewitches, buses, etc., to the outgoing transmission lines. 

XXY. DsvKLOFHBNT OP Sauion Exveb Powbe Compant 
The development shown in Fig. 63 is of special mterest because of its 
several novel hydrauhc features. The main dam creates a reservoir which 
has a capacity of 2,600,000,000 cu. ft. with the dam-crest at 935 ft. above 
sea level. At the average rate of flow of the stream, about 20 days are re- 
quired to fill it. With the crest at this elevation the average net head pro- 
duced at the generalii^ statitm less than 2 miles away is 245 ft. 

P^ Line. — ^The conduit connecting the dam and the generating station 
consists of five sections, a 600 ft. reinforced-concrete-lined tunnel drilled 
through rock, a 7,825 ft. leaigth fA wood-stave pipe, a 1,200 ft. length of 
steel pipe, a steel surge tank and four short penstocks. The tunnel is ' 
hned with concrete not less than a foot in thickness with circumferential 
r^nfordng rods closely spaced, and has an inrade diameter of 12 ft. The 
wood-stave pipe continues at the same diameter for 3,450 ft., the diameter 
being reduced to 11 ft. for 4,375 ft. more. The staves are of kib-dried fir 
cut out not less than 3^ in. thick for the 12 ft. pipe and 4 in. for the other. 
They are joined end to end by means of galvanized-iron keys and are held 
circumferentially with bands of J^ in. and 1 in. steel rods. Each band is 
in three sections, all imited by cast>-iron clamps. In soft ground the pipe 
was supported on timber cradles, but otherwise it was laid directly on the 
surface. Itwas coated on the inmde with carbolineum and afterwards back- 
filled to about one-half its hdght. Rehef valves are inserted at intervals 
to prevent undue pressure when emptying the pipe, and to serve as air out- 
lets when filling. Druns axe placed at all low points of the line. 

Wood pipe was selected for that part of the conduit in which the pressure 
was not too great because ^ere it was mstalled the winters are very severe 
and it is cheaper than steel pipe when the latter is properly protected 
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from freezing. Fir was used because it is an excellent wood for pipe not 
subjected to alternate wettii^ and drying in that it raaains tight, does 
not rot and its cost is quite reason- 



able. The steel-pipe section is 1,200 
ft. in length and 1 1 }^ ft. in diameter. 
It is connected to the wood pipe 
through aalip expansion jointpacked 
with oakum and lead wool. Special 
attention was ffvea to the material 
in this pipe, which was specified as 
open-hearth steel contfuning not over 
0.05 per cent, sulphur and betwe^i 
0.3 and 0.6 per cent, manganese. The 
pbo^horus was limited to 0.06 per 
cent, if the steel was made by the 
acid process and 0.04 per cent, if by 
the basic process. The thickness of 
the pipe is ^4 u^- throughout. The 
sted pipe is moulted on concrete 
saddles 20 in. thick and spaced about 
14 ft. tQ)art. It is Ifud in a shallow 
well-drained trench and a in. sewer 
tile is molded in the bottom of each 
saddle to facilitate drainage. The 
pipe is housed over with a substan- 
tial structure of framing and board- 
ing continued down to the ground 
level. 

On the crest (^ the ridge just be- 
hind the generating station is a dis- 
tributer consisting of a 12 ft. steel 
pipe 210 ft. in length and joined at 
<Hie end to the pipe line in a huge 
concrete anchor block. The other 
end is closed by a bulkhead. The 
elevation of the bottom of the dis- 
tributer is 775 ft., or 160 ft. below 
the crest of the dam. From the cen- 
ter of the distributer a 12 ft. riser 
branches off to a surge tank. This 

enormous T-conuection required re- S i i ^ i 'g g ^ S 
inforcing from side to side. This was 
provided by a 9 in. bolt, 25 ft. long, with bearing washers for the nuts 4 ft. 
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in diameter. The bui^ tank riser joins the distributer with easy curves, 
but a novel and cheaper connection ia made to the penstock intakes, 8 ft. 
in diameter. This is a simple flailed and riveted joint, which would, with- 
out some modification, produce eddies and loss of head. To prevent such, 
wooden fillers suitably rounded off are secured around the mouths of the 
intakes inside the distributer. This distributer is a steel pipe, ^^ in. thick, 
inclosed in concrete. 

Suige Tank. — The surge tank is one of the lai^est of its type yet con- 
structed. It consists of a cylindrical shell, 50 ft. in diameter and 80 ft. 
high, surmounting a hemispherical bottom which adds 25 ft. to its height. 



Fig. 64b. — Section Throui^ Station of Salmon River Power Company 

It« capacity is, therefore, 1,400,000 gala. The tank is supported on ten 
columns of heavy concrete footings and with the riser are housed in with a 
framed wooden structure providing a surrounding space which can be 
heated when necessary from a small house below. The top of the roof of 
this structure is 205 ft, above the ground, and the top of the tank is high 
enough above the crest of the dam so that if the flow of the water in the 
pipe line were suddenly interrupted its enei^ would be absorbed by the 
rise in level in the tank without overflow. 

There is an important feature of this surge tank riser. With a 12 ft. 
riser opening into the bottom of the tank there would not be friction enough 
to absorb the energy of a surge, which would therefore tend to set up 
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OBcillatioiis. To provide for the dampii^ of such oscillations, a smaller 
pi[>e is mounted inside the tank, connected- directly to the riser below and 
tennin&ting in the funnel near the top. The rest of the mouth of the riser 
at the bottom of the tank is covered by a. ring in which small ports are pro- 
vided. In action, therefore, a surge produces a rise in the small pipe and 
some flow through the ports. The head in the small pipe then forces the 
surplus water through the ports and equalizes the pressure gradually. 

Penstocks. — The four 8 ft. penstocks are connected to the. intakes 
throu^ valves of a type which represent a ctHnporatively new develop- 
ment in hydraulic practice. These i>enstocks are anchored above and be* 
low in heavy concrete blocks, and laid in trenches and entirely back-filled. 
The steel plates vary in thickness from J^ in. on the upper horizontal por- 
tion of the penstocks to J^ in. at the lower end where they tsat&c the gener- 
ating station- 
Turbines. — The four turbines are of the Francis horizontal nngle-epiral 
double-discharge type of 10,000 hp. rating each. They are provided with 
outside, balanced wicket gates operated by governors. These turbines 
are provided with heavy flywheels to assist in governing and to faciUtate 
the operation of the electrical equipment of the plant in parallel . They are 
also provided with relief valves operated by the governors, bo that the sud- 
den checking of over-speed cannot result in an exces^ve rise in pressure. 
The discbarge of the turbines is conducted to the t^lrace through short 
concrete draft-tubes, entering at an obtuse angle to prevent eddies. In 
fact, on its entire journey from the reservoir to tailrace the water is led 
with as few turns as possible and around easy curves. The tailrace is 
directly imder the generating station, which is built over the bed of a branch 
of the river that previously carried water at times of flood. 

Power House. — The generating station building is a single structure con- 
sisting of reinforced-concrete pilasters connected with heavy concrete 
beams. The panels are filled with red brick outade and sand-lime brick 
inside. The roof, supported on steel trusses, is 3 in. thick, of gypsum coiq- 
position reinforced with steel cables and rods. The roof is covered with an 
asphalt coating overlaid with several layers of asbestos felt. One purpose 
in the use of this particular type of roof was to secure a fireproof base on 
which tile could be nailed in case it was later found desirable to add a tile 
rpof. The gypsum roof is very easy to place and is very light. The build- 
ing is rectangular with a projecting feeder bay. The interior is open to the 
rocrf and, with the exception of a gallery about 12 ft. above the main floor 
on the feedeMjay side, forms one great room. It is served by a 40 ixfo. 
electric crane with main and auxiliary hoist all driven by direct current 
motors. The crane has a 38 ft. span and the runway covers the entire 
length of the building. The intake pipes, the draft tubes and the disctuu^ 
tunnel are all directly under the building, embedded in concrete. 
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Eftch of the four electrical geDerating units consiste of a 375 r. p. m., 
1,600 volt, 25 cycle, three-phase generator with exciter mounted on an ex- 



^Md 





Fig. 65. — QrcuitA of Stdmon River Power Company's Station "Hed in irith Magan 
Falls Plant of Ontario Power Company 



tension of the shaft. Three 2)200 kva., single-phase, 25 cycle transformers 
are installed with a normal ratio of 6,600 volts to 34,650 volts. The high 
voltage side is connected in star to give a line voltage of 60,000 volts. 
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XXVI. BiQ Crebk Development Pacific Light and Powbb Compant 
Nbab Fresno, Cal. 

The initial step in the develoiHnent ahown in Fig. 66 comprised the in- 
stallation of two power houses, four concrete dams, two timnels, two 240 
mile transmiBsion lines operating at 150,000 volts, substation and switch- 
station facilities, and a 56 mile standard gauge railroad. The develop- 
ment has an ultimate rating of 350,000 hp. The watershed is at an eleva- 
tion of 7,000 ft. at all points. The annual rainfall is over 80 in. and the 
nm-ofF about 50 in. It has a fall of about 4,000 ft. in 6 miles from a natural 
basin in the mountains. This drop is utilized in two points, the effective 
heads on the wheels being 1,900 ft. for the first development and 1,870 ft. 
for the second. The average daily flow is about 300 cu. ft. per second. In 
the natural basin a reservoir with an initial capacity of about 53,000 acre 
ft. has been formed by the construction of three dams built to an elevation 
<^ 6,915 ft. By raising the dams to an elevation of 6,965 ft. the capacity of 
the reservoir will be increased to about 120,000 acre ft. The utilization 
cA this increased storage capacity with the natural flow of the stream will 
require the ultimate installation of at least four 20,000 hp. units in each 
plant. Two of these were installed in the initial development. The com- 
pleted reservoir is 6 miles long, 1.5 miles wide and about 150 ft. deep. On 
account of the h^ heads developed it is estimated that this stor^e re- 
servoir will carry 120,000 kw. at 50 per cent, load-factor for 240 days. 

Pqte Line. — Prom the main dam water is conveyed throu^ a 144 in. 
tunnel 3880 ft. long which terminates in a 108 in. Y with two 84 in. out- 
lets. One of these is blanked for future service. The other is connected 
with an 84 in. flow pipe. At the top of the slope 1,942 ft. above the first 
generating station this 84 in. flow pipe opens into four 44 in, outlete. Two 
of these are connected with a penstock leading to the generating units, the 
others being blanked. 

Four of the main units aggregating 80,000 hp. in the first station receive 
water from the 84 in. pipe line. This pipe is laid on a grade of 7,5 ft. 
per 1,000 ft. and is 6,480 ft. long from the tunnel outlet to the top ci the 
cafion in which the generating station is situated. The pipe line is carried 
on concrete saddles placed 35 ft. apart, and the elbows are anchored by 
reinforced-concrete blocks. An earth covering of 12 in. m inim um is placed 
throi^out the line. Manholes are provided at 2,000 ft. intervals. The 
84 in. pipe varies in thickness from 3^ in. to H in-. ^^^ longitudinal seams 
of the tWnner plate being part double-riveted, while those of the thicker 
pipe are double-riveted. 

At the top of each penstock is a 42 in. gate valve equipped for hand and 
motor operation with remote control from -the power house. Just below 
the gate valves are two 24 in. standpipes, one in each line. These stand- 
pipes extend up the mountain dde a distance of 425 ft. and terminate in 
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two vertical surge tanks 3 ft. in diameter and 35 ft. high. The tanks ear 
anchored into concrete foundations, 10 ft. deep, 7.5 ft. wide at the top and 
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about 11 ft. wide at the bottom, by four cast-iron brackets held in place by 
foundation bolts 5 ft. long. The tanks are cross-connected by steel lattice- 
work near the top. The two penstocks run parallel at a distance ttf about 
7 ft. to a point 800 ft. above the generating station, where each divides into 
two 26 ft. pipes, each similar pipe serving one numer of a water wheel unit. 
The penstocks are built in 30 ft. sections of lap-welded steel pipes varying 
in diameter from 42 in. at the top of the slope to 24 in. at the wheel iidets, 
the thickness ranging from ^ in. to 1^ in. The circular joints are riveted 
for pressures up to 1,460 ft., but for greater pressures are Sanged and bolted. 

Generating Units. — Each main miit consists of a 17,500 kva. generator 
directly connected to two impulse wheels of 10,000 hp. rating each, the 
wheels being oveihung outside the bearings carrying the shaft. Apart 
from operating under one of the highest heads thus far developed, these 
wheels are the largest of their type ever made. They are 94 in. in diameter 
on the impulse circle and each contains 19 castrsteet buckets held in por- 
tion on a nickel-steel wheel disk by three pressure-Stted bolts. The water 
for turning the wheel disks is directed upon the buckets by means of a 
stationary nozzle with a governor-controlled needle valve. The weight 
of the impulse wheel disk, the reacting force from the jet striking on the 
buckets with a velocity of 300 ft. per second, and the weight of the gener- 
ator rotor are all carried on two 20 in. by 64 in. ring-oiled, water-cooled, 
self-aligning, babbitted bearings. 

The main shafts are of hollow, foiled nickel steel, 20 in. in diameter at 
the rotor, their over-all length being about 29 ft. The normal speed of 
each unit is 375 r. p. m. 

Turbine Governors. — Regulation of each unit is obttdned by two oil- 
pressure governors, each of which independently controls the movement of 
one needle valve. The shaft speed may also be controlled by manipulating 
the governors by hand, and the needle valves are also connected with a re- 
mote electric speed control operated from the power-house switchboard. 
The governor arrangement permits operating either wheel of the imit with- 
out the other at the maximum efficiency, so that frictional loads can be 
handled with economy. Each of the governors operates a pressure regu- 
lator which automatically by-passes the water at times when the needle is 
closed with an automatic adjustment providing for slow closing in order to 
prevent excessive rises in pipe-line pressure. The pressure regulator is 
connected to the inlet pipe back of the nozzle, and when adjusted to act as 
a water-saving device it will open for a given pressure rise, closing auto- 
matically only when the pipe Une pressure returns to normal. The regu- 
lator has the same dischai^ capacity as the nozzle, the water issuii^ from 
it having its velocity reduced by an energy absorber. It then flows into 
the t^lrace below the m^n wheels. The tailrace is Uned with steel to take 
care of the erosion which otherwise would result from the discharjpng water. 
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Each governor is provided with a load-limiting device so that each wheel 
cannot furnish more than a predetennined amount of power. Thia device 
allows the governor to close the gates when the spoed goes above normal 
and when the demand upon the wheel is less than that of the maTimiim for 
which the governors are blocked. A safety device is provided to close the 
needle valve in case of breakage of belt driving the governor fly-balls. 
The valves for controlling the water supply to each nozzle are hydraulically 
Operated and are of qiecial deagn to meet the hi^ head involved. Thar 
operation is safeguarded by providing a band-operating pump to supply 
water pressure at times when a pipe hue may be empty. 

Power Station. — ^AH the generating and switching equipment is housed 
in a ronforced-concrete and structural-steel building measuring 171 ft. 
long by 84 ft. wide by 103 ft. high. On the first floor are the generating 
units, the exciters, step-up transformers and separate compartments for 
station service tran^ormers, rheostats, a storage battery for switch opera^ 
tion and oil-tank installation. The building is of sufficient size to house 
three generating units and thdr auxiliary equipment. The pipe lines pass 
from the valve house under the operating-room floor to the wheels, and the 
Bteel-4ined tailraces are located immediately under each, opening directly 
into the river. The main generating room is 168 ft. long by 43 ft. wide and 
is served from eoA to end by a 100 ton electric traveling crane. The main 
switchboard, which is of the benchboard type, is located on a gallery in the 
center of the operating room, immediately above the exciter bay, and by re- 
mote control it governs the generators, transformers, switch operation and 
auxiliary control of governors and exdter motors. Station No. 2 which 
takes water from No. 1 has the same rating and same type of equipment 
as No. 1 but contains one less unit on account of the greater amount of 
water required per hp. of output. 

betters. — At the present time only two exciters are installed, both b^ng 
designed for ultimate combined motor and water wheel drive. The wheel 
design provides for a single-runner 47 in. in diameter with 24 buckets in- 
closed in a steel-plate bousing, the generator being mounted on a horizontal 
shaft with a common bed-plate. The maximum jet diameter is 1^ in. 
and its speed 300 ft. per second. The exciter wheel nozzles are stationary, 
with hand-adjusted needle valves. Speed regulation can be obtfuned by 
either hand manipulation or automatic governors, and when the load de- 
creases the jet is deflected from the buckets by a steel hood operated by the 
speed-controlling devices. The water for the exciter wheels is supplied by 
an 8 in. header pipe cross-ccmnecting the four pressure lines, each wheel 
nozzle being served through a 6 in. branch. The valves are designed for a 
pressure of 1,000 lb. per sq. in., all having been tested to 1,500 lb. 

Two synchronous condensers rated at 1500 kva. are used to maint-ft'n a 
voltage of 150,000 at both ends of the transmission tine. 
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XXVII. — Hydhoblbctric DevsioPMENra of Nevada-Calipornia 

Power Company and Soijthern Sierras Power Company 

ON Bishop Creek, Inyo County, Cal. 

The hydroelectric installation of the Southern Sierras Power Company 
had Ma banning about ten years ago in furnishing energy to the Nevada 
miniitg district around Goldfield, Cal. As need for electric energy in Cali- 
fornia became greater and the possibiUties of the Bishop Creek location were 
more fully appreciated, a plan for extension was formulated and the long 
line connecting Bishop Creek with the San Bernardino country was built 
and put into service. This line stretches over nearly 240 miles practically 
str^ghtaway and is joined at each end to another transmission system, 
the northern one running northeast into Nevada, the southern one down to 
and across the Mexican line, making a total stretch from the power station 
of about 400 miles. The whole group of generating stations along the 
Bishop Creek watershed on the eastern slope of the Sierra Nevadas cover 
a distance of about 15 miles, with three capacious reservoir sites. They 
comprise in all seven stations, of which five are now in operation, forming a 
remarkable example of tbe complete utilization of a stream. The storage 
reservoirs are natural lakes ground out by glacial action. 

The ori^nal station, operated under 1,100 ft. head, contains two 750 
kw. and three 1,500 kw. generators driven by Pelton wheels. This plant 
was the first installed (1905) and since then four others have been added, and 
two more will be installed later having a combined rating of 32,250 kw. 
The first plant had 1 18 miles of transmission Une to Goldfield and Tonopah, 
operating at 55,000 volts, while the longer line southward is designed for 
140,000 volts. 

Perhaps the most striking engineering feat performed was tapping the 
south lake reservoir from 600 ft. below the site of the dam, driving a tunnel 
into the solid granite, coining up to the lake, and breaking through the lake 
bottom to convert the tunnel into a pressure pipe. The end of the tunnel 
being 65 ft. under water, the task of cutting through involved some rather 
unusual work. It was actually accomplished by excavating very cau- 
tiously within about 20 ft. of the lake bottom and then cutting short laterals 
to provide a powder chamber for blowing up the bottom imd admitting the 
water. The tunnel was tamped for 30 ft. with muck back of the powder, 
and when the 5,200 lb. charge was fired the end of the tunnel was bk)wn 
out into the lake. 

The transmission system of the Southern Sierras Power Company as a 
whole involves the longest transmission distances yet regularly attempted, 
although the main straightaway transmission is scarcely as long as that of 
the Big Creek line of the Pacific Light and Power Company, which has often 
been referred to as the longest high voltage line in the world. However, the 
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most distant customers of the Southern Sierras line are actually across the 
Mexican border, 400 miles from the generating stations, althoi^ toward 
the southern portion of the system there are numerous ramifications covers 




mg a large part of the southern Californian territory. Perhaps the most 
interesting feature of the whole work is the comparative simplicity of the 
methods by which energy is transmitted and service is maintained. The 
center of control of the system is near Bishop, Cal., below the mouth of the 
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csfion which contains the group of generating planta. This nerve center 
of the entire enterprise is free from elaborate buildings and intricate con- 
struction. The switching apparatus is of the typical outdoor type which 
characterizes all the later work of the Southern Sierras Power CfHnpany, 
although the transmitting system is designed for 140,000 volts. The station 
buses and the disconnecting switches through which the outgoing and in- 
coming lines are connected to them are mounted on a framework of galvan- 
ized steel, and the double long-^iistance line which cairies energy to San 
Bernardino and thus distributes it to the Mexican border ia tied into the 
bus system with pneumaticaUy operated air-break switches of the simplest 
poaaible construction. Even the instrument transformers are installed in 
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the framework of the buses, and the leads are carried to the instnunent 
room in which are also installed the pneumatic controUii^ devices for the 
synchronizing and other switches. The whole control system is noteworthy 
for its avoidance of the customary comphcations and the elimination of the 
enormous switchboard structures. 

XXVIII, Development Using Impulse Wheei£ in Sho^Laden Water 
OF Salt River Project in Arizona 
The section shown in Fig. 69 b through the Cross Cut station of the 
Salt River Project near Phoenix, Arizona. The station has a rating of 
5,250 kva. Special impulse water wheels were used on account of the fact 
that the water held a considerable quantity of silt in suspension and de- 
posited a troublesome precipitate on iron and steel. These wheels are of a 
Pelton-Doble tangential design furnished by the Pelton Water Wheel 
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Company of San Francisco, each rated at 1000 hp. The unit consists of a 
vertical shaft with six nozzles set equidistant about the periphery <rf the 
runner. By changing the number of nozzles in use a practically etr^ght 
line efficiency curve is obtained r^ardless of the amount of water passing 



Kg. 69.— Water Wheel Dedgned for SlULaden Water 

throu^ the power house. Small load variations are taken care of by de- 
flectors, one for each nozzle. These are interconnected and controlled by a 
single governor for each unit. The station provides for six units each direct 
connected to a 875 kva., 25 cycle, 11,000 volt Westinghouse generator, 



,Goot^lc 



120 HYDROELECTRIC PRACTICE 

driven at 94 r.p. m. The water wheels operate under a gross head of 117 ft. 
The exciters are vertical units driven by Pelton-Doble wheels of the same 
design as the larger units and rated at 200 kw., 125 volts operating at 150 



r, p. m. Under test the water wheels in this station showed an over-all 
efficiency of 79.26 per cent, which was in excess of the contract specifica- 
tion and equivalent to a wheel efficiency of 83 per cent. — Engineering 
Nem, April 20, 1916. 
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XXIX. Gr&cb Station of the Utah Power and Lioht Cokpant on 

TBB BkAB RiVEB, IdABO 

The largest generating fltation of the Utah Power and Light Company 
18 located in Grace, Idaho, on the Bear River, This company operates 
other stations on this river at Wheelon and Oneida. The Grace plant was 
placed in operation in 1914 and containB three 11,000 kw. unit* with pro- 
visioDS for two additional units, making the ultimate rating 55,000 kw. 
The 11,000 kw. generators are driven by 17,000 vertical single runner water 
wheels which operated under a head of 526 ft. The eneigy from this plant 
and the other stations on the Bear River is transmitted to Salt Lake City 
133 miles at a pressure of 130,000 volts, making this installation one of the 
notable high tension Bytstema of this country. The company furnishes light- 
ing and motor service to more than 100 conmiunities and citiee in Utah 
and Southern Idaho. It owns and operates plants rated at 120,000 kw.— 
Ekctncal World, June 5, 1915. 

XXX. MoTTNT Hood Development op Pohtland Railway Ijoht & 

POWEE CoBfPANT ON BdLL Rim RiVBH, NeAH PORTLAND, OBEGON 

The hydraulic development originally proposed consisted (A three 
schemes, a high-head plant, an intermediate-head plant, and & low-head 
plant. The intermediate-head development was first constructed on the 
Bull Run River at such a position that it receives water from this river and 
the Little Sandy River. The plan called for using one power station for 
the intermediate and h^-head developments, and the construction of a 
large storage reservoir to r^ulate the water supply for these two develop- 
ments. The capacity of the reservoir is 2103 acre ft., sufficient in case of 
total interruption of the water supply to develop the full capacity of five 
turbines for 36 hours with a load-factor of 60 per cent. 

The initial installation of equipment consisted of three main units each 
rated at 3750 kva., 60 cycles, 6600 volts, at 514 r. p. m. The generators 
are of Westinghouse design, each direct connected to a 6400 hp. turbine. 
Two of these turbines were furnished by the Piatt Iron Works and one by 
the Wellman-Seaver-Morgan Company. E^ach machine is provided with 
bronze nmners, and operates under a head of 245 ft. Each penstock is 9 
ft. in diameter and placed at such an elevation that it will drain all the 
water from the reservoir. Although each turbine is provided with a syn- 
chronously operated relief valve, these were neglected in designing the pen- 
stocks and each will stand an impact caused by closing the turbine gates 
in three seconds. Inmiediately above the power station each penstock 
branches into two pipes 72 in. in diameter, and at the lower end of each 
branch is placed a 16 in. branch in which is placed a bursting plate to break 
. at 250 lb. pressure per aq. in. In addition a surge tank is provided on each 
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penstock, having & capacity sufficient to supply the needs of two machines 
for a period of five seconds. 

A two-circuit transmission line is operated between the Bull Run plant 
and a terminal station in Portland, 27.5 miles, and another tine from the 
power house to an intersection with the line of the Or^!;on Water Power 
Railway, 14 miles. Each line operates at 57,100 volts and consiste of 3/0 
aluminum cable (19 strands) carried on 45 ft. cedar poles, each having two 
cross arms with provision for a third. The poles are spaced 40 to the mile 
on stretches. Every tenth pole is guyed in four directions. The conductors 
are arrai^ed to form a right angle triangle with two cables on the top cross 
arm at 4.5 ft. centers. To carry a telephone circuit a cross arm is placed 
6 ft. below the future position of the lowest main cross arm to be added 
later. No. 12 copper-clad conductors are used for the telephone line trans- 
posed every third pole. 

The system was constructed for the Moimt Hood Railway & Power 
Company, but is now owned and operated by the Portland Railway, li^t 
& Power Company. It was built under the direction of Messrs. Smith, 
Kerry and Chace. 

XXXI. An Irriqation Development in Nokthebn Utah 

Tte generating station in Fig. 73 is a part of a 13,000 hp. development. 

The initial installation was 3,750 kw., consistiog of one water wheel of 

3750 hp. and another of 2000 hp. rating, operating under a head of 200 ft. 

and driving generators of 2500 kw. and 1250 kw. rating respectively. 

Penstocbs. — In the first 400 ft. the penstock tubes drop 173 ft., reaching 
the flood-plain surface, on which they are carried, practically level, for a 
distance c^ nearly 1000 ft. to the generating station. Both hillside and level 
are made up of sand and gravel, and on this the steel tubes are carried by 
about twenty saddle piers of concrete, resting directly on the gravel-bed 
footings. The steel penstocks vary in diameter and thickness with the 
normal hydrostatic head and hydrauUc impact possible for the three sec- 
tions. The penstock for the 3750 hp. unit is respectively 87 in., 76 in., and 
65 in. diameter and 0.25 in., 0.38 in. and 0.57 in. thick for the corresponding 
section lengths of 520 ft. (Ist), 437 ft. (2nd), and 432 ft. for the h>st section 
of penstock. The dimensions of penstock for the 2000 hp. unit are 65 in., 
56 in., and 46 in. diameter, with respective thicknesses of 0.25 in., 0.38 in. 
and 0.44 in. for the same corresponding section lengths of pipe line, or 520, 
437 and 432 ft. respectively. 

The velocity of the water through the penstocks at normal turbine 
rating is about 6.6 ft. per second, and the friction loss a little over 4 ft. 
of hydrauUc head, making a net head of 200 ft. available at the wheels 
under full load conditions. The strength of the lower sections of the pen- 
stock and the tube anchorages were designed to give a factor of safety 
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of three when withstanding the full inertia impact of 80 per cent, rise in 
pressure due to cloeing the lower valves in three seconds. This feature, 
coupled with the extra precautions taken to secure close regulation of tur- 
bine speed and generator voltage, has made the use of a sut^e-tank un- 
necessajy, despite the long pipe lines. 
Variation in lengths of the penstock tubes with temperature changes are 




TU* plut UHi inter (rom the Wsber imfiUoD euul uid prondss for four unila. The initbd {nitalla- 
tioo induded two units. ODS 2.500 kw. uid the otbgr 1,250 kw. Each uul Dongntcd of n boriumtal innrd 
flow roftctioa type aagj£ discharca AUia Chalmen water wheel drivioj ft GaoeiAl Electrio foinrmloT under 
200 ft. bewl. A 3,750 hp. wheel drivea the 2.S0D kw. generator and a 2.000 bp. the 1.260 kw. msehiiie each 
iMJnc 2.300 TOho. 60 eyole. three-phaae. The atation (urnisheg enerc to the Memhuita light Heat and 
Power Company and Bait Lake and Ogden Eleotrie Railway Company at its nritehboard. The tranimu- 
Bon Toltace ii IS.OOO and eoMomen maintain their own UneL The development was eiecMd at a ooiC of 
US per kw.—Bltdrical Wtrld. December T. 1912. 



provided for by expaoeion joints with shding sleeves and fiber packings. 
ITiere are four of these joints in each pipe line, and each joint pennits 
several inches movement. The joints are mounted on concrete foundations, 
firmly anchored. As a protection to the steel, the tube interiors are lined 
with a special preserving compound-paint. The upper lengths of the pen- 
stock are protected against inward collapse due to emptying of the tubes 
by suitable venta. 
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Hydmilic Valves. — Entering the generating station, the supply lines are 
taken through hydraulic valvea, 60 in. and 42 in. diameter respectively, 
and thence enter the reactive-type water wheels which are equipped with 
oil-pressure govemora that regulate within 1.5 per cent, for full changes 
from full load to no load. Linked to the governors are Bynchronoua relief 
valves whicb, with the closing of the turbine wickets, automatically open 
a by-pass discharge having a capacity 15 per cent, greater tiian tiiat of t^e 
turbine itself at full load. In this way, deepite sudden changes in the tur- 
bine-gate openings, the amount of water flowing in the penstock pipes is 
not immediately arrested, but is diverted by the by-pass channel, thus 
avoiding impact heads due to sudden stopping of the long moving columns 
of water. These synchronous relief valves are also equipped with watei^ 
saving devices which next slowly close the by-pass openings, reducing the 
penstock flow gradually, without rise in pressure. 

Generating Units. — ^The water wheels are direct-connected to the genei^ 
ators which are three-phase designs, operating at 2,300 volte and 60 cycles. 
To assist in speed regulation, both unite carty lai^ flywheels. Excitation 
for t^e generators is provided by two 60 kw. direct connected machines, 
one driven by a 2,300 volt induction motor and the other by a small wat^ 
wheel. The supply for this latter exciter is taken from a cross head^ out- 
side of the generating station having valve connections to both penstock 
pipes so that either line can be used. 

The 2,300 volt output of the generators is stepped-up to the transmisaon 
line pressure, 45,000 volte, by two groups of single-phase transformers, 
whose oil content is cooled by water drculaUon from the penstock supply. 
Both 2,300 volt and 45,000 volt buses are equipped with remote-control 
oil switches, and the outgoing high voltage lines are provided with instru- 
ment transformers for operating anmieters, voltmeters, etc. The high 
voltage line switches have overload protection supplied with series relays 
inserted directly in the 45,000 volt switch leads. Tubular copper buses are 
used for all 45,000 volt construction, employing 0.75 in. tubing with ^ 
in. walls. The transmission line exite are made through roof-type insu- 
lators and are protected by aluminum-cell arresters with hom-^^ps. 

XXXII. Development of Vancouver Island Poweb Cobipant, Neae 

ViCTOBIA, B. C. 

The water power station shown in Fig. 74 is 49 ft. by 97 ft., and pro- 
vides for the installation of two complete generating unite, with exciters, 
transformers, switchboards, low- and high-voltage switches, etc. Concrete 
and steel were used exclusively in the construction of the building, due 
consideration being given to favorable location for further ^[tension. 

P^ Line. — This generating station faces the Pacific Ocean and was 
erected on low ground at the foot of the pipe-line, whic^ dopes vray ab- 
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ruptly for the lower 300 ft. of its lei^th. The ground surface is elevated 
only slightly above extreme high tide elevation, but the water wheel nozzles 
are placed 5.5 ft. above the maximum high-tide level. The pipe line leading 
from the forebay reservoir to the generating station is 9,800 ft. in length 




and follows a gentle slope for the greater part of it£ length, the lower 300 ft. 
descen^ng abruptly to the station. The upper third of the length of this 
pipe line is designed to deUver water for two generating units of 4,000 kw. 
each, and conasts of one riveted steel pipe 44 in. in diameter, )^ in. to 5^ in. 
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plate. At the lower end of this section a cast-iron "Y" piece, fitted with 
two 36 in. cast-steel gate valves, is installed, providii^ for the extension of 
two lines to the generating station. The lower section of the pipe is de- 
signed to deliver water for one generating unit only, and the single Una 
installed consists of lap-welded steel, with riveted roundabout jomts, in 
approximately equal lengths of 36 in., 34 in., 32 in., and 30 in. diametw 
and varying in thickness from tV""!- at the "Y " end to ^-in. at the lower 
end. To prevent failure as in the case of a similar lapwelded pipe else- 
where, the lower end of the pipe Une for a distance of 2,200 ft. was reinforced 
by 1 in. round steel bands, after the manner of a woodstave pipe, with 
spacing from 3.5 in.to 4 in. Eight 4 in. air valves and four manholes were 
installed along the length of the pipe, and unmediately back of the generating 
station a cluster of four automatic pressure relief valves were installed. 
Concrete anchor blocks and supporting piers were erected at proper inter- 
vals along the pipe line. 

This pipe line enters the generating station at the back ajid is connected 
to the generating units through a 24 in. gate valve, there being an eflfective 
head of 1,100 ft. The water is controlled by a needle regulating nozzle in 
conjunction with an auxiliary needle nozzle, the needle of which is mechani- 
cally connected to the nuun needle and is so arranged that it opens auto- 
matically as soon as the main needle closes rapidly or b^ond a certmn 
predetermined point. In this way the auxiliary nozzle maintains a suffi- 
cient vent to avoid a dangerous rise of pressure in the pipe line. The aux- 
iUary nozzle is also htted with an independent slow-moving adjustable time- 
element mechanism which gradually closes the nozzle when the m^n 
needle stops moving, thus conserving the water supply. An oil pressure 
governor for speed regulation ia directly attached to the mwn nozzle needle. 

Generating Units. — The main generating units consist of two 4,000 kw. 
alternators and two 6,000 hp. impulse water wheels. The units are of the 
two bearing type, having the revolving field of the generator mounted on 
the shaft between the bearings and the exciter wheel overhan^ng at one 
end. The speed is 400 r. p. m. One exciter is installed of sufficient size to 
supply ma?dmum field current for the two generating units. The extended 
shaft carries on one end an overhanging impulse water wheel and is con- 
nected at the other end to an induction motor, which operates at the gen- 
erator voltage and drives the exciter generator continuously. The exciter 
water wheel is equipped with hand control only, as the motor serves as a 
speed regulator and no governor ia necessary. 

The energy delivered by the generators at 2,300 volts is stepped up to 
40,000 volts by means of three 1,400 kva,, oil-insulated, water-cooled 
single-phase transformers, which are installed in fireproof compartments 
back of the generators. These transformers are now operating in delta 
connection, deUvering current to the transmisaon line at -40,000 volta. 
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This voltage will eventually be nused to 60,000 volts by chai^ng the delta 
connection to star connection with grounded neutral. No. 2/0 aluminum 
seven Btrand cable is used on wood [wles with steel cross anne, spaced 300 
to 400 ft. 

XXXIII. Development of Great Nobtbebn Poweb Coupant at 
. DunTTH, Minn. 
The water supply for the station shown in Fig. 76 is received through a 
tunnel nearly three miles long whif h diverts the water that normally flows 
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Fig. 76. — Station of Great Northern Power Compattf at Duluth, Minn. 

Tbu itHtion funujJua enerfiy in bulk to oHtaUurcuHil a&d iDdufrtrid pluitfl uouwl Doluth. IG i 
tout cBosntinc asita sach ooButiiic of in 18,000 bp. inwud flow FaaoM ti 
Tnti«] ihiifc nvcJving l!sld (CiHTBlor nWd u 10,000 kw. and apanUnt at 400 r. p. m. Tba i 
phaH, 11,000 TcJt, Bod U Lbe Ume of InMsTUtion ia tVOS WM tbc Urgnt eonMnietAd. Tbs 
vcriUcB b 110,000 TolU. 

around the bend of a large river. A heavy concrete dam was erected at the 
intake which will ultimately have a height of 140 ft. The completed instal- 
lation is designed for an available water head of 535 ft. 

Turbines. — ^The four main water wheels installed are inward flow Francis 
type turbines and in point of output are among the largest, being rated at 
18,000 hp. each. The water for each unit is carried through a separate 
steel feed pipe 450 ft. in length from the mouth of the tunnel to the genera- 
ting .station and controlled by a motor-operated gate-valve at the head of 



10 



q,:,7odovGoOl^Ic 



130 HYDROELECTRIC PRACTICE 

the steel pipe. The vertical shaft carrying the turhine and the revolTing 
field of the generator iB supported on an oil disk step-bearing located be- 
tween the wheel and the generator. A triplex pump in the turbine chamber 
supplies oil to the step-bearings under 215 lbs. pressure and a second pump, 
operated by an electric motor, suppfies oil at the same pressure for operating 
the governor cylinders. These governors are placed on the main floor and 
are of special demgn, known as the double float lever type. 

Generators. — The main generators at the time of installation in 1906 
were the largest of their kind ever constructed. They are of the vertJcal" 
shaft revolving field type rated at 10,000 kw. dehvering three-phase 60. 
cycle current at 11,000 volts. The stationary armature is supported di- 
rectly on the main floor structure. The revolving element is supported by 
two guide-bearings, one above and one below the revolving field. The 
rotor was espedally dedgned for this installation and before shipment was 
tested at double its normal speed of 400 r. p. m. Two excite seta are pro- 
vided each of 250 kw. capacity at 250 volts. These machinefl are of the 
horizontal type direct-connected to 350 hp. water wheels. 

Each generator feeds directly through cables in the ducts under the main 
floor and the remote control oil switches on the second floor, to a three- 
phase transformer having a normal capacity of 10,000 kva. stepping up 
from 11,000 volts to 110,000 volts delta. The generator circuits and the 
outgoing transmis^on lines are controlled from the main switchboard in 
the balcony. This switchboard is of the standard bench-board type with 
panels for each generator and iis transformer and for the outgoing trans- 



XXXrV. Rainbow Falu Development on Missouri Rivbb at Gbeat 
Falls, Montana 
The Rtunbow Falls development at Great Falls, Montana, on the Mis- 
souri River was completed in July, 1910. At this time, six generating units 
with a total rated capacity of 21,000 kw. were placed in service. Each of 
the 3,500 kw. generators is direct connected to a 6,000 hp. turbine of the 
inward flow Frands type operating under a 105 ft. head. The output of 
two of these units is utilized in the vicinity of Great Falls and is trans- 
mitted at the generator voltage of 6,600. The power from the other four 
units is stepped up to 102,000 volts delta through four banks of single-phase 
transformers rated at 3,600 kva. per bank. Energy is transmitted at this 
voltage to Butte, Montana, a distance of 130 miles, over two separate 
parallel lines constructed on the same right of way. The transmission 
line towers, which were employed all carry two ground wires be^des the 
high voltage lines. At the Butte substation tour 3,600 kva. banks of trans- 
formers are installed, stepping down to 2,500 volts for the synchronous and 
induction motor load. 
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An extensioD of the traa^s»on line 22 miles beyond the Butte dub- 
station supplies power at 102,000 volts to Anaconda where it is used for the 
operation of the Washoe Smelter. The initial equipment of the Anaconda 
substation included three 1200 kva. transformers controlled by a E-15, 



100,000 volt oil switch and protected by an electrolytic lightnit^ arrester. 
This equipment was later increased to six trai^ormers, making two com- 
plete banks with a total capacity of 7200 kva. 

All transformers and switching apparatus as well as generators were 
furnished by the General Electric Company. 
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XXXV. Hydboelectric Develofubnt on the Connbcticxtt River 

Near Brattlsbobo, Vebuont 

A typical low-head development which is one of the largest single 

hydraulic stations in New E^ngland is located on the Connecticut River at 



Fig. 77.— Section llirou^ Connecticut River Power Station at Vemoa, Vt. 

Thii lUtioD wu buih is 1910 mud at tbt lims wu tbc tmiKtn sirwie liyilr«1«tric pUnt in New EncUnd. 
It conUiiu eifbt 2,600 kw. gsDeraltin driven by vrniol turbtnn nuh having Ihm ninnrn. Two of tbeas 
which are 60 in. in diamftlcr an UHd for nonoal operation, the third a 57 in. rmmer is mbh) for hich vatvr and 
normally nuu idle. Under these conditiona the unit* operate under ■ head of from 32 to 34 ft. Enercy il 
tiaoamitted at M.OOO volti to WorhesUr. Mue.,adiHCaiicc dI Sfl mileg. fiervice iafumjghed to cotton mills. 
p*|)« milla and local powgr and trac^on companiea. The nalion equipmeat is of Geneisl Eteetrit desicn. 



Vemon, six miles below Brattleboro, Vermont. The generating equipment 
(A this station comprises eight 2,500 kw. generators driven by specially 
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i vertical turbines operating under a head of from 32 to 34 ft. Theae 
wheela consist of two 60 in. runners for normal operation and a 57 in. 
runner which ordinarily runs idle but can be utilized under h^ water 
conditions. 

Current is generated at 2,3^00 volts 60 cycles, and is stepped up through 
three-phase transformers to the transmission voltage. Four 5,000 kva. 
oil-cooled transformers raise the voltage from 2,300 to 66,000 volts Y for 
transmission over two independent lines to Worcester and intermediate 
towns, a distance of 66 miles. A 2,500 kva. three-phase transformer wound 
for 2300/31,500 volte supplies current to a 20 mile transmission into Keene, 
New Hampshire, and to the city of Brattleboro, Vermont. These two lines 
are at present supplied at 19,100 volta. A fifth feeder supplies the town of 
Vernon with power and lights at 2,300 volts. 

The switchboard is of the remote control type and consists of 19 marine 
finished slate panels. On the front of this board is mounted a dummy 
busbax giving in miniature all of the station connections. A type TA 
voltage regulator is installed on one end of the board and a storage battery 
panel on the other. The storage battery is used for the switch signal U^ts 
and for operating the remote controlled oil switches. An emergency con- 
nection from the exciters is also provided for this purpose. 

The general scheme c^ wiring is sufficiently fiexible to permit of all 
desu^ combinations. Two generators and one 5,000 kva. transformer 
comprise one complete unit capable of bemg isolated on any hne or busbar 
or of being operated in parallel with other units. This arrai^ment also 
permits of any generator being connected throt^h any transformer. 

Substations along the m^ 66,000 volt transmission and at the Worcester 
terminal contain step-down transformers with a combined rating of 24,000 
kva. These stations supply enei^ for the operation of cotton and paper 
mills and many other industrial plants as well as for local power and trac- 
tion companies. With many of these customers reciprocal contracts are 
maintained providing for the pm^ihase of power from isolated steam plants 
in case of low water at the generating station. 

XXXVI. Lock 12 Develofuent of Al&baka Poweb Coupant on 
Coosa Rivek 
The site of the Lock 12 development onthe Coosa River, is in the central 
part of Alabama and the dam is one of a series planned by the United States 
government in conjunction with locks to make the Coosa River navigable. 
The Lock 12 dam is built of cyclopean concrete. It is 1,563 ft. long^rom 
shore to shore and the top of the spillway gates are 72 ft. above the water in 
the tailrace. The spillways are in 26 sections, each section being separated 
by concrete piers on top of which is a track for a special traveling hoist to 
be used in raising and lowering the spillway gates. These gates are 14 ft. 
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high, 26 ft. wide and slide up and down in vertical grooves in the spillway 
piers. They can be operated by either an electric hoist or by a steam hoist. 
Motive power to operate the gates is transmitted from the hoist through a 
wabbler connection to a shaft and gears operating a horizontal shaft that 
winds and unwinds flexible flat steel cables. Two of these cables are 
attached to each gate and each gate raises and lowers independently of the 
others. The hoist can be moved along the track the full length of the spill- 
way and coupled to any gate. This allows the level of the pond to be r^u- 
lated by passing the surplus water through the gates during the h^ water 
and holding back the required amount during low water periods. 

Power House. — The power house structure is located near the west end 
of the dam and is built into the lower side of it. In front of the power 
house are the penstock gates, of which there are two for each turbine. 
These gates are operated by hydraulic cylinders mounted directly over 
them and are direct connected to the hydraulic piston rods. The pistons 
are operated by oil pressure from the governor pressure pumps. Under 
normal conditions these gates are left open and held open by mechanical 
devices, thereby taking their weight off of the cylinders and relieving the 
governor pumps of this work. If it is necessary to close the gates in emer- 
gency the mechanical devices can be tripped and the oil in the cylmders by- 
passed from the bottom to the top of ^e pistons letting the gates down 
quickly but without any slack. 

In front of the power house and running the full length of it is a gantry 
crane running on tracks laid on top of the dam. The crane overhangs the 
water in the forebay so that it can handle the racks and screens in front of 
the penstock gates. It also served to pick up freight andjmaterial from the 
bai^ which carries freight from the company's freight depot at Ida about 
12 miles up the river. This barge is towed by a gasoline tug. 

The lower floor of the station is occupied by the generators, governors, 
governor pumps, an overhead traveling crane, and other auxiliary apparatus. 
On the north side of the generator room is the Bwitchboai<d gallery, low 
tension 6,600 volt bus structure and oil switches, station power and ligbU 
ing transformers, a motor generator exciter, battery charging set, telephone 
booth, and lavatory and locker rooms. This gallery is directly over the 
lower slope of the dam and elevated above the generators, giving a clear 
view of alt the generators from the switchboard. Directly above the 
switchboard gallery, and of the same width, is the transformer room which 
is separated from the generator room by a brick partition. Between this 
floor Bud the switchboard gallery is a mezzanine floor which is occupied by 
the superintendent's ofGce and a store room. Located on the top floor are 
the 110,000 volt oil switches and buses, storage battery room and oil tanks 
for bearing and transil oil. The part of this room that is above the trans- 
former room is open to allow the high tension leads from the step-up trans- 
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formers to be brought up to the 110,000 volt bus structure and oil switches. 
The space on the roof is occupied by lightning arresters and transmission 
line tenninals. Three high tension circuits enter the building throi^h roof 
bushings and connect to the high tension bufies through oil switches. 



f^g. TS.^Lock 12 Station of Alabama Power Company on Coosa River 

Thii lUtion proiridM for u ulticule inatiUalion of ai 17.600 hp, im^le nimigr luitdm* opentinc ludat 
B hswl of S8 ft and dziTing 13,600 kvm,. 6.600 volt, SO cycle ■gngnura it 100 r. p. m. It u tha mun leD- 
eratinc (UtioD [or m 110,000 trmDSDiiiBotifyBUni that HrvH the prinupaliadiutTu] diitricU of the SUM of 
AlabunA, Bud is 50 milea from Binoingli&m wbere ooEuwotioa ij ouda with tha Joul ■yatflm thixiu£k b iBffB 
outdoor •ubnaUon, Tbs Lock 12 lUtioD was placed in operation ia July, 1014. Tbs water wheela an o( 
the Francu nactioD deeica built by the I. P. Morrla CompBDy a&d when iiutalled wen the tarcsst nnsle 
ruDoer onltB ever made ■Deamrina 13 fl. 3 in. in diameter. The feneratora ai« of Weetinchoiw demtu and 
the (witobea and nritchboanl furniihed by the Oentnl Elactrie Company, "nia enpneeiinc work waa 
done by tha oompBny'a corpa of enjiiiwcrB beaded by E. A. Yatea as chief engineer, E. L. &ayer» andatast 
ohM anpnaer. W. E. Mitchell, alectrioal incineer. and 0. G. Tburlow. deeisnina en^oaaT. 
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Generating Units.— Pour 13,500 kva., 6,600 volt, 60 cycles, Weeting- 
house vertical generators were installed, with provision made for two more 
future units. Blach machine has its own direct connected exciter. These 
exciters have a capacity of 150 kw. at 250 volts. Besides these exciters 
there is one 150 kw. 250 volt spare exciter driven by a 440 volt 225 horse- 
power induction motor. This exciter may be used on any one of the four 
generators. 

The generators are driven at 100 r. p. m. by 17,500 horse power Francis 
reaction single runner turbines, built by the I. P. Morris Company. Watw 
is brought to each turbine throi^h rotating vanes from a snail shaped scroll 
casing, which curves around the periphercy of the water wheel. Water from 
the head gates enters one end of this scroll casing through two short con- 
crete tunnels. These turbines pass approximately 2,500 cubic feet of 
wat^ per second when the generator is operating at its rated capacity. 
The head is 68 ft. 

Speed is controlled by Lombard governors having a capacity of 250,000 
foot pounds at 200 pounds pressure. The minimum time element of course 
is two seconds. The fly wheel effect of the generator rotor alone is 12,500,- 
000 foot pounds. 

The entire weight of the turbine and rotating parts of the generator and 
exciter is supported by 42 in. Kingsbury bearings, which are placed between 
the generator and exciter. Oil for these bearings flows by gravity from two 
oil tanks on the top floor of the building to a large pan surrounding the 
bearing. When the oU leaves the bearings it is discharged by gravity into 
two tanks In the basement, where it is cooled by water circulating in cooling 
coils therein. Two triplex pumps pump the oil from these tanks back to 
the tanks on the top floor whence it flows through the bearing again. These 
pumps are geared to and driven by a 5 horse power, 440 volt, 1, 150 revolu- 
tions per minute induction motors. Alignment of the big generator shaft 
is mamtained by water cooled lignum vitae guide bearings mounted be- 
tween the generator and water turbine. 

Transmis^on System. — The 110,000 volt transmission system of the 
Alabama Power Company serves the principal industrial districts of the 
State. There are 92 miles of double circuit and 94 miles of single circuit 
steel tower lines. No. 2/0 medium hard drawn copper was chosen for 
conductors based upon about 12 per cent, loss at ordinary power factors for 
100 miles of single circuit No. 2/0 line. These conductors were strung 
at such tension that under the most severe weather condition of Alabama, 
zero deg. Fahr., ^ in. of ice coating, and a wind of 70 miles per hour, a 
strain of only one-half the ultimate strength of the cables would be pro- 
duced. The lines are supported on double circuit, four-legged steel towers 
of an average weight of 4,700 lbs. The height from the earth to the lowest 
cross-arm was made sufficient to use these towers on a spacing of approxi- 
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nmtely 750 ft. and yet have a clearance above ground in the center of the 
span of 25 ft. The vertical spacing of cross annB is 10 ft. with a hbrizontal 
.spacing between circuits of 15 ft., the middle cross-arm being somewhat 
longer than the other two to prevent short circuits due to whipping or ice 
loads. 

Six disc strings of the 10 in. corrugated and the 12 in. fiat insulators 
were originally installed on suspension and seven of these discs at the strain 
points. Later an extra disc per string was added to increase the factor of 
safety of these strings on account of the unevenness of matching the units 




Rg. 79. — Layout of Generating and Substatione and Traoamiswon System of Alabama 
Power Company 

in the strings. The lightning storms of Alabama are particularly severe. 
To guard against interruptions from this source two steel wires grounded 
directly at each tower were used over the transmission conductors. No 
plates or rods driven into the earth were needed to secure a good con- 
ducting medium to care for the lightning discharges as the lai^e area of 
st«el grillages in the tower footings in fairly moist earth proved of relatively 
low resistance. All the 110,000 volt tower hnes and 22,000 volt distribu- 
tion lines are provided with electrolytic hghtmug arresters in addition to 
the ground wires along the lines. 
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XXXVII. Development or the Tallassee Poweb Compant on im 
Yadkin Riter at Baden, N. C 

The hydroelectric development near Baden, N. C, is of considerable 
historic interest on account of the changes in construction plans throu^ 
three changes in promoters of the scheme. The work was originally started 
in l&Ol when George Whitney, with Pittsburgh capital, started an elaborate 
cut-fitone masonry dam about 38 ft. high, 4)^ miles above the Narrows 
on the Yadkin River, near Baden, N. C, the location of the final dam. 
This work was abandoned in 1910 and except for salvage of stone for later 
construction was a complete loss estimated at $3,000,000. In 1912 the 
Southern Aluminum Company, controlled by French capital, started woik 
on a new high dam at the Narrows with plans to build a station for the 
development of 90,000 bp. The French engineers placed the power bouse 
on the west side of the river and designed it for twin runner center dis- 
charge turbines on horizontal shafts. These turbines were to be direct 
connected to direct current, 520 volt, generators rated at 5,200 kw., arrange- 
ments being made for 18 of these units and two alternating current units 
of 1200 kw. each. The initial installation called for the use of five double 
turbines and generators. 

The French engineers provided for flood flow by designing two vertical 
wells 60 ft. in diameter connecting to rectangular twin tunnels 40 ft. wide 
and 34 ft. high driven in the side-hill rock on the east side of the river and 
used as diversion channels during the construction of the dam. These 
were completed by the construction company, timber and rock cofferdams 
were built, the power-house foundations of concrete completed, the steel 
frame erected, and about 50,000 yds. of cyclopean concrete placed in the 
dam on the west side, using a 1 : 3 : 5 mix. When the war broke out in 
1914 all work ceased on account of war conditions. 

The Tallassee Power Company bought out the French company in 1914, 
and began work on the completion of the project in January, 1916. This 
company's engineer decided to use the part of the dam already completed, 
but to abandon entirely the original power house and flood-water provisions of 
the French engineers, just described. It was felt that the French engineers 
did not provide for a large enough flood and that the tunnels were unsafe. 
Hence it was necessary to build the bypass and also provide for part of the 
floods by a spillway over the dam. The old power house was only 20 ft, 
from the toe of the dam, entirely too close for safety, as the standing wave 
below the dam would wreck the foundations. The French engineers did 
not contemplate passing any water over the dam, so that the old power- 
house location was satisfactory for such conditions. The discharge from 
the tunnels during floods would interfere with the flow of water that passed 
over the dam, and this would cause a dangerous rise of water in the river 
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Tig. 80.— Section Thnmgh 31,000 Hp. Unit in Yadkin lUver Station of TalUsaee Power 
Company, Baden, N. C. 

Thia tiubiaa ia ntad it 31.000 bp. under ■ h»d ol 180 ft., >( 164 r. p. m., ud ig o» of thna oompiiBog 
tbe initul iiutallilioii of Cbe TaLluBe Ponr Compuy U iti Yadkia Rinr daveloptacnt at Bulso, N. C. 
It La tbs luvst sinsla runner Fmncii unit built to dmts (1916). Tbe direct oom»et«d 13.200 volt (cn- 
cntor 14 r>t«d i.t 18,000 kn. Tbg BiuJin plut ia of egpeoul inlerot on ucount o[ tha Iict that woilc on the 
p]*n> wu Btartad in 1901 and haa been ib tbe pubEio eye u a propoation of wondarment on account of the 
capital invested and never used. With an idea of aecurinc abundant hydroeleDtTie power one eUboralcly 
conatructed dam of cut atone was built and abandoned at tbe met of around t3,0O0,DO0 and a new itnieCure 
(tatted which will eon around (2,000,000. Freneb capital wu larcely involved until Che sile and ptopeny 
waa purohaaed by tbe Aluminum Company of America in 1014. The initial initallation worked up by tbe 
Fyenefa company known aa the Southern Aluminum Company ia of apeoial intenet since it called for five 
double water wheels direct-connected to dinct-cunent 520 volt, (eneralora of G,200 kw. each, with airance- 
mesca for eiahtsen of theae unite and two altematii^i-cuTTeDt units of 1 .200 kw. each. Theae units were 
purchaaed and ready for installation when the property wu takea over by the Aluminum Company ol 
America. Tbe E.200 kw. seDcralon hsre been remodeled aa rotary convenen to opetnte OD tbe trequeney 
of the leneratinc system of 30 eyctes. Details ol final installation were published in tbe Snffinetring 
RtetrJ, NovembeT IS, IBIS, and tbe Enginfrinti Htm, Novembar IB, 1»18. 
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opposite the old power house and would have wrecked it had the old scheme 
of using the tunnels been adopted. This view of the French engineera' 
inadequate provision for floods was vindicated when the 1916 flood, which 
was about 25 per cent, greater than the mftgimnm Qood assumed by them, 
wrecked their power-house foundation. 

Design of Dam. — Although curved in plan to a radius of 1,678 ft. and 
supported by rock foundations on the sidehill, arch action was not con- 
sidered in the dam design. Vertical contraction joints in a radial direction 
are introduced by constructing alternate blocks 45 to 60 ft. long, each block 
designed as a pure gravity section. At the ends of the dam the down- 
stream face is curved to throw the water toward the central stream bed. 
Bondii^ grooves between the blocks are spaced about 5 ft. apart, and the 
concrete surface is painted with tar to prevent adhesion, thus insuring con- 
traction cracks in a vertical plane and preventing any poesibihty of interior 
uplift on diagonal cracks developed by contraction. Drain holes and in- 
spection galleries were introduced near the up-stream face of the dam. 

New Power House. — The new power house, placed on the east side of 
the river, is 180 ft. long and 57 ft. wide as before, so that the old steel frame 
could be used again, the columns being reinforced by steel channels on the 
inside. The foundations were entirely remodeled to conform to vertical- 
shaft turbines direct-connected to altonating-cuirent 13,200 volt, 36 cycle 
generators of 18,000 kva. each, three units being installed first and one unit 
later. The 5,200 kw. directniurrent 520 volt generators for the original 
power house were remodeled into rotary converters, a change which neces- 
sitated the odd frequency of 36 cycles. 

The power station for many reasons is one of the most interesting built 
in recent years. By generating at the transmission voltage, namely, 13,200, 
no station transformers are required except for the building services. This 
has greatly simplified the switching layout and the effect has been increased 
by using outdoor type of main oil switches on a gallery outside the gener- 
ating station. Copper cables in conduits carry the conductors from the 
generators to oil switch terminals. 

The remarkably steady load to be furnished by the nearby aluminum 
works permits an efficient use of the very large generating units which are 
latter than commonly desirable in general practice. Each turbine will 
develop 27,000 hp. at maximum efficiency and 31,000 hp. at full gate so 
that in point of rating these are the largest hydraulic turbines ever built. 
Each turbine drives an 18,000 kva., 36 cycle, 13,200 volt, three-phase gen- 
erator with its exciter mounted on the top. Aside from this, there are 
points of interest in mechanical design, notably the use of steel-plate scroll 
casings embedded in concrete and a scheme of dismantling the runner from 
below as shown in the accompanying illustration. The runner diameter is 
108 in., the speed 154 r. p. m. and the head 165 to 180 ft. The casing inlet 
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is 12 ft. in diameter and a tapering thimble connects to the 15 ft. penstock. 
The upper part of the draft tube is of cast iron and telescopes into the sec- 
tion below, which is molded in the concrete substructure. The draft tube 
is 7 ft. in diameter at the top but Inmiediately begins to flare, flattening as 
it makes the usual right angle turn with the outlet 32 ft. wide by 13 ft. 3 in. 
high. 

RAtings of Turbines and GenerRtors. — As the head available for the 
operation of these imits will vary considerably two guarantees of outputs 
at given heads were made. Each unit is designed to deliver to the gen- 
erator shaft not less than 27,000 hp. when operating under an effective 



head of 165 ft. and a speed of 154 r. p. m. Under these conditions it will 
(jevelop an efBciency of not less than 90.5 per cent., efficiency being defined 
as ratio of water horsepower delivered to the unit to mechanical horsepower 
output at the turbine shaft. Each unit also is guaranteed to deliver not 
less than 31,000 hp. operating under an effective head of 180 ft. and at 154 
r. p. m. Tests on a 32-in model runner conducted at Holyoke, Mass., 
showed an efficiency of practically 91 per cent. 

The generators for these units are 28 pole, 13,200 volt machines rated at. 
18,000 kva. They have, however, an overload guarantee of 22,500 kw. 
at imity power factor. The efficiency at 18,000 kw. and unity power 
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factor is 96.9 per cent. The stator is 19 ft. 6 in. in diameter and the rotor 
14 ft. 9 in. The rotor flywheel effect (WR>) is approximately 4,000,000. 
The weight of the rotor of both generator and exciter is 146,000 lbs. and 
includes that of the bridge between generator frame and exciter. The 
latter is a 72 kw. 250 volt machine. 

The turbine ninn«' weighing 20,000 Ibe. is a single piece of solid bronse 
and is probably the largest casting of its kind ever made. The turbine 
shaft wei^ 18,000 lbs. The total weight of the revolving parts and the 
reaction thrust of the loaded runner are carried by Kingsbury thrust bear- 
ings. The governor is essentially the standard design of the wheel manu- 
facturer in which fly-ball actuated valves control the admission and dis- 
charge of oil to two operating cylinders, (servomotors) that have piston rods 
running to the shifting rings. 

The turbines were designed, built and installed by the Allis-Chalmers 
Manufacturii^ Company of Milwaukee, Wis., under the direction of W. M. 
White, chief engineer. The generators and exciters were furnished by the 
General Electric Company, Schenectady, N. Y. The installation of the 
Taliassee Power Company at Baden, N. C, was desigDed under Edwin S. 
Fickes, chief engineer, and G. F. Murphy, principal assistant. William 
Hoopes is chief electrical engineer, and T. J. Bostwick, principal assist- 
ant. The hydraulic development was designed by J. W. Rickey, chief 
hydraulic engineer, and C. B. Hawley, assistant. J. E. S. Thorpe was 
resident engineer for the power company. 

XXXVIII. The 65,000 Hp., 1,375 Pr. Head Drum Development of 
Pacific Gas and Elbctbic Company 

The storage capacity of the lake for this development, with a 225 ft. 
dam, is 44,000 acre ft., or about 14,000,000 gal. The ultimate dam is 
305 ft. from water surface and 320 ft. above bedrock, making it one of the 
highest from water surface. From storage the water is brai^t through a 
4,456 ft. tunnel in solid granite, 1,100 ft. of which is concrete-lined, the 
finished siae being 8 ft. 8 in. in diameter. An aqueduct 8.4 miles long 
carries the water from the tunnel to the forebay, which is a large regulating 
reservoir having a capacity of 425 acre ft. This insures continuous service 
at the power station by carrying the fluctuations between water suppljf 
and electrical load, as well as bridging any interruption in the canal ^rstem 
upstream. 

The drop from the forebay to the nozzles of the impulse wheels is 1,375 ft. 
A steel penstock or pressure pipe line (two lines eventually), 72 in. in diam- 
etet by H in. thick at the forebay and tapering according to pressure to 
.52 in. diameter by 1}^ in. thick at the power house, is the connecting Unk. 
The power station is located in a deep gorge. To find a site for the power 
house it was necessaiy to sluice by means of the hydraulic monitor some 
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40,000 cu. yd. of hill slope, excavating finally by blasting into solid ser- 
pentine. The site is about 125 ft. by 500 ft. in size. The building is of 
reinforced-concrete and structural-fiteel structure, 77 ft. 6 in. wide by 
20S ft. 8 in. long and 65 ft. high. 

Generating Units. — ^The four 12,500 kva. generators now operating are 
6,600 volts, three-phase, 60 cycle, 20 pole cnachines. They are the revolv- 
ing field type, horizontally divided, the armature beiag star-connected. 
The speed of the machines is 360 r. p. m. The shafts of the armatures are 
horizontal, built with enlai^ed ends upset 2 in. for the reception of the 
overhung water wheel runners. At each end of the shaft an impulse water 
wheel of 9,000 hp. is overhung beyond the bearings. The maximum diam- 
eter of the shaft through the rotor is 26K hi., and 18 in. at the bearings, 
which are 60 in. each in length. The over-all length of the shaft is 24 ft. 
8J^ in. and its weight 26,420 lbs. The diameter of the pitch circle of the 
water wheel, which has 17 double buckets attached thereto, is 85 in. Each 
wheel is driven by a single deflecting jet. Its size is controlled with a 
needle valve, and the jet at maximum rating is 6J^ in. in diameter. 

GovemOTS. — Governing is effected by a special oil-pressure operated, 
relay-valve-type horizontal governor, which operates the defiecting nozzle 
directly. The body of the nozzle is 8H in. inside diameter at the jet, open- 
ing and increasing to 26 in. at the ball joint. It is counterbalanced with a 
hydraulic piston. The speed drop for gradual increase from no load to 
full load is adjustable from zero jier cent, to 2 per cent. An electrical dis- 
^ce speed-control device operated from the switchboard by 125 volt 
direct current is provided. This enables the operator to vary the speed 
fnxn 5 per cent, above to 15 per cent, below normal speed. A hand emer- 
gency control is mounted so as to revolve freely on a threaded piston rod, 
which can be connected with or disconnected from the piston rod by means 
of a spUt bronze nut locked by suitable lever mechanism. An operator at 
the regular hand wheel can easily exert the full output of the governor, 
which is 20,000 ft. lb. per stroke in three-quarters second with full port 
opening. This can be r^ulated to increase the time of action to any 
desired extent. 

Excites. — ^The exciters used with the generating units are of 400 kw,, 
125 volt, 514 r. p. m. rating and are directly connected to single overhimg 
600 hp. impulse water wheels. Each unit is also equipped with a 600 hp., 
2,200 volt induction motor, which serves to drive the exciter in the event 
of any accident to the water wheel. 

From the generators the energy is led through the low-tension switches 
to six 4,250 kva., single-phase transformers, with an additional spare unit 
for emei^nciee. When 6,600 volts are impressed on the low-tension wind- 
ing, which has sevend taps, line voltages from 110,000 volts to 125,000 
volts are obtained. All the transformers will operate in panJlel under ooa- 



qo^odovGoO<^Ic 



144 HYDROELECTRIC PRACTICE 

indtictive or inductive load withiD their ratings. The line control at the 
power BtatioD ia handled from the 125,000 volt switching gallery, which is 
equipped with oil and disconnecting switches. All station switching is 
controlled from a switchboard of the benchboard type deseed in such a 
manner that the entire station with the four hydraulic units and all aux- 
iliaries may be completdy controlled both hydraulically and electrically 
frtHQit. 

XXXIX. A 20,000 Hp., 2,100 Ft. Head Development 
The water utilized by this installation is taken from a small stream dry- 
ing a plateau behind a range of mountains about 4 miles from the sea 
coast. This small stream has a series of rapids and falls that make it possi- 
ble to obtain a head of 2,100 ft. for hydraulic purposes. To get the water 
to a point where it could be most advantageously used a flume made of 
high grade concrete 1^ miles long had to be built. This in itself was a very 
difficult piece of engineering, owing to the natural formation of the moun- 
tains. The intake is located in a wild, desolate spot in the heart of a tropical 
forest, and from there the flume follows the contour of the mountains, 
winding back and forth, crossing small streams and gulhes in many places. 
The cross-section of this flume is 40 in. by 60 in.; it is of high grade con- 
crete and has a flnished surface inside to reduce friction. 

In many places the flume bad to be covered by a heavy concrete roof, 
owing to overhanging ledges of rock and dirt which frequently start land- 
slides during heavy rains. SmaU streams which are ordinarily dry, but in 
the rainy season become small torrents, cross the fiume at several points, 
and troughs had to be made to take care of this difficulty. The drop from 
the intake to the forebay is 30 ft. 

Penstocks.— The penstock consists of Sve pipes of welded steel ranged 
in diameters from 35.4 in. at the forebay to 23.6 in. at the turbines. The 
average length of each section of pipe is 19.5 ft., and the sections near the 
power house where the pressure is the greatest (tested at 2,000 lb. per 
square inch pressure), and where consequently the thickness of the pipe is 
mmdmum, have a weight of 2 tons each. The penstocks at the base are 
embedded in a massive concrete support. Every length of the penstock 
is supported on concrete, and at every fifth section the pipe is embedded 
in a heavy concrete mass. At the angles the pipes are supported not only 
by concrete but by guj^ of steel cables, the ends of which are secured in 
blocks of concrete. The entire length of penstock is 6,500 ft. At the fore- 
bay and at points one-half and two-thirds of the length aro placed valves 
which close automatically if the flow of water in the penstocks exceeds a 
certain speed. These valves are a protection to the power house, for, should 
a pipe burst near the turbines, there would be sufficient water in the pen- 
stock to destroy the station. 
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Power StatioiL — The power house is a solid building made from granite 
taken out of a quarry a short distance from the station. The building is 
located on a very marshy and shifting soil on the bank of the sajnp river 
from which the water is taken. Consequently, a foundation 60 ft. deep 
had to be made in order to insure safety to the building and alignment of 
the machines. On the main fioor of the station are five 3,000 kva., three- 
phase, 60 cycle, 2,300 volt, 514 r. p. m. generators direct-connected to im- 
pulse wheels, and three 250 kw., 220 volt compound-wound excitera, also 
connected to the same type of wheel. 

The valve room is located under a low roof in a building adjacent to the 
turbines, and the piping is so arranged as to make it possible to use the 
water from any penstock on any turbine. All of the valves with the excep- 
tion of those opening the jet on the buckets are hydraulically operated. 
To take care of a varying load, the turbine governors do act decrease the 
supply of water but defiect the jet so that a small quantity strikes the 
buckets on the wheel. Should the valves at the power house be suddenly 
closed the shock would place a tremendous strain on the penstocks and 
serious trouble might happen. A water cushion is provided directly imder 
-the turbine to absorb the force in the unused water when deflected from the 
buckets. 
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The pressure of 2,300 volts from the generators is stepped up to 44,000 
volts delta throi^ 15 single-phase, 60 cycle, water-cooled, sheU-type 
trauafoimers connected in groups of three for three-phase operation. The 
power house is in the shape of a letter "T," with the transformers and high- 
tension bus and switchboard, etc., in the cross-bar and the generators in 
the leg. 

Western Water Power Developments. — The Western section of tiie 
United States was first to develop its water powers to any great extent and 
valuable data have resulted from the early experience in the design of these 
plants. In Table 7 (page 145) are given the m^n features of the large 
systems that now operate water power plants in the West, 
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CHAPTER III 
LAYOUT AND SELECTION OF PLANT SQIUPMENT 

Hie layout and connectioDS of electrical circuits for a generatlDg station 
obviously depend on the particular conditions met. Entirely independent 
methods are followed 
in m&ny modern de- 
velopments, particu- 
larly those using high 
transmission voltages 
—60,000 volts and 
above. The reason 
for a number of the 
schemes used is to re- 
duce the surges set 
up by high-voltage 
switching and the 
dangers to the trans- 
formers that result 
therefrom. In gen- 
eral it is desirable to 
reduce all the switch- 
ing on the high-voltr- 
age side to the abso- 
lute minimum. While 
modem methods of 
design have reduced 
apparatus troubles to 
a mininn it n , it is es- 
sential to so arrange 
the control circuits 
that tie troubles may 
be isolated and not 
spread to cause a 
shutdown of the en- 
tire system. 

In laying out a system of connections there are a number of general 
principles which must be kept clearly in mind. While reliduli^ and eoor 
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tiouity of service are the two main considerations, protection of the appa^ 
ratus and machinery from injmy diould always be given careful study 
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It is now fully realized that the success of hydroelectric developments 
depends largely upon a reliable and uninterrupted service. The safeguard- 
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ing of the difiFerent parts comprising the system and its coimectioDs, there- 
fore, becomes of the greatest importance. 

Generates' Bus Layout. — ^All generators should preferably be paralleled 
on a common low-voltage bus, the generator switches being non-automatiG. 
If automatic protection is desirable the switches should be provided with 
definite time limit relays, set very high. Reverse power relays are also 
occasionally installed, but are generally arranged to ring an alarm gong in 
case of reversal of the power, and will not trip out the switch. The various 
station layouts and diagrams of connec- B«.i>tai luumi 

tions given in this text show the latest 
practice. 

It is now fully realized that the gener- 
ator bus (low-tension or low-voltage bus) 
should be sectionalized if the kilowatt rat- 
ing of the station is very large. It is now 
the usual practice to limit the normal rat- 
ing of each bus section to from 30,000 to 
60,000 kw. It is also desu*able to so sec- 
tionalize the bus that generators of suffi- 
cient rating to furnish the charging capar 
city of one tranemissiDn line can be entirely 
separated from the others and used for 
testing out the lines as ^own in Fig. 83. 
A ring-bus will generally insure sufficient 
flexibility to accomplish this, although for 
ft very large ^stem a double bus is most 
desirable. 

In selecting oil switches their rupturing 
rating becomes of importance. A smaller 

switch can, as a rule, be used if time limit relays are employed, sinc^ this 
permits the initial short-circuit current rush to diminish before the switch 
opens. It should also be kept in mind that smaller switches can oftener 
be used at the substations than at the generating stations, because the re- 
actance of the transformers and the transmission lines will reduce the short- 
circuit currents and their effect to a great extent. 

Switching and Sectionalizing. — AU the switching should preferably be 
done on the low-tension side of the high voltage transformers both in the 
generating stations and in the substations. The switches of the former 
should be equipped with inverse time limit relays and the latter with reverse 
enei^ relays. In the outgoing and the incoming lines, it is now customary 
to provide non-automatic oil switches which are used in case of sectional- 
izii^ and in addition non-automatic tie-switches are also provided between 
transmission lines. If more than two lines are.in service it is advisable to 
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provide high-tenBioD transfer buses. Sectionalmng switcbee of the knife- 
switch type are usually installed at certain intervals on the towers along 
the transmisaion line, so that circuits may be divided in two or more sec- 
tions to facilitate testing and for isolating line troubles, which may by this 
means be quickly located. With this system of connections considerable 
responsibility is placed on the operators, as the relays of the transformer- 
Bwitchee must be set at from 100 to 200 per cent, overload, and therefore 
BHriTiu lutm above the safe contin- 

uous operation of the 
transformers. Take for 
example a system with 
two parallel lines con- 
to two trans- 
former groups on the 
unit system. A trouble 
in one of the lines will 
cause it to be discon- 
nected leather with the 
transfonnerB through 
which it is fed. This 
then throws all the load 
on the remaining line, 
which, with its trans- 
formers will be over- 
loaded 100 per (%nt. , and 
in order that this line 
should not be discon- 
nected at this increase in 
the load, the relays must 
be set for more than 
100 per cent, overload, 
probably 150 per cent. 
Transformers can, how- 
ever, carry 100 per cent, overload for five to ten minutes, which should give the 
operator sufficient time to sectionalize the defective line and connect the 
transformers in parallel to feed the remaining transmission line. Practically 
all line conductors are so pro[>ortioDed that one line or one line and a portion 
of another line can take care of the load to be carried, although, generally 
at a rather poor r^ulation but quite satisfactory as an emergency operating 




Use of Reactance CoUs. — ^The requirements of large systems in future 
operation will undoubtedly be such that the automatic operation of high- 
tenaon switches will be necessary, and the present development in switehea 
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and protective apparatus promises to take care of this situation fairly satr 
i^actorily. In order to prevent the concentration of excessive amounts of 
power at points of diaturbances, however, generators and transformers are 
now being designed with high reactance and artificial reactance coils are 
being used in generator leads, in the bus-bara and in seriee with outgoing 
feeders. 

There are certain phenomena of high frequency, but without excessive 
potential, which need additional means of protection. The danger to which 
high voltage (ransformers are exposed by high frequency disturbances from 
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Fig. 86.— System CoimecUoiu hereby Three or Pour Bulks of Transformers Feed 
Three Outgoing lines— TraDsformers Paralleled on Low Tennon and Hig^ Tension 
SidM 

the transmission line is not limited to the end turns only, but danger may 
be done anywhere inside of Uie transformers, wherever a wave creet forms. 
This danger depends on the frequency of disturbance. A choke coil inter- 
posed between the transmission line and transformers may become a sotirce 
of danger. For while it keeps line disturbances out of transformers, it may 
also reflect disturbances which originate in transformers back into them, 
and therefore increase the destruction. With hi^ voltage apparatus con- 
nected to long distance tranfflnission lines it now becomes necessary to 
provide in addition to the choke coil interposed between the line and trans- 



■dovGoot^Ic 



152 HYDROELECTRIC PRACTICE 

formers, a device wluch bypasses disturbances that come from tmnsfonners 
but does not allow line disturbances to pass into the transformetB. 

Gnnrnding Generator Neutrals. — ^Three-phase generators should pre- 
ferably have their armature windings connected in star. Operating con- 
ditions only decide whether the neutral should or should not be grounded. 
If grounding is done to insure selective action of feeders, it is advisable to 
ground the generators through a resistance, in which case the voltage strain 
is not limited to the star-voltage. The resistance should have a value high 
enough to limit the neutral current, but still low enough to insure that, if a 
ground occurs in one phase, it will permit a sufficiently large current to 
flow in the neutral to open the protective' circuit^breakers. Non-inductive 
resistances are always preferable to reactances, since they eliminate the 
danger of h^h frequency oscillations between line and earth through the 
generator reactance in the path of the third harmonic, by damping the 
oscillation in resistance. Because of this, the grounding of the neutral of 
generators is of questionable value, because a ground through reactance may 
be dai^rous owing to the possibilities of a resonance voltage rise. 

Exciter System. — The rating of exciter units, the proper division of the 
required exciter rating into several units, the method of drive, the arrange- 
mrait and connections of the different units, the proper system of automatic 
voltage regulation, etc., are all factors which are now given careful atten- 
tion in the design of power stations for all have an important bearing upon 
the successful operation of the system as a whole. The rating of the exciters 
should be sufficient to furnish excitation to all the synchronous apparatus 
in the station when these machines are operating at their maximum load 
and at the true operating power factor. It is not enough to provide for 
the excitation when the alternators are operating at unity power factor, 
because the excitation required at lower power factors is considerably 
higher than at unity power factor. It will be observed from the examples 
of company practice and in the diagram Fig. 87, that 125 volt excitation is 
considered advisable for moderate sized installations, while for larger systems 
a 250 volt exciter system is shown to be generally used, in fact, this is the 
cheaper system to use. 

Exdter Drive. — Exciters are usually of the direct-connected type, driven 
either by the main generators, by separate water wheels or by motors or 
by a combination of the two latter n^ethods. The practice of installing one 
direct-connected exciter for each main generator has been used considerably 
in the past, but in modem installations it has generally given place to other 
systems. With a few generating units in the station, this method may be 
used to advantt^, but in order to provide for the future it is desirable to 
give each exciter a rating equal to twice that required for one generator 
unit. For plants with a lai^ number of main imits, this system becomes 
rather complicated and it is furthermore open to the objection that the 
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exciters will be affected by the speed variations of the prime movers caused 
by the variation in the load. Also it is void of any kind of flexibility. 

llie exciter system which now seems to be the most favored from the 
opemtion aide is the one in which the excitation is obtained from a com- 
mon source consisting of as few exciters as possible. Preference has also 
been given to the motor-driven exciter for the reason that on shortHnrcuita 
in the system, it will drop in speed and thus minimize the effects of the shorts 
circuit cwrent. Furthermore, it is preferable from an operating standpoint 
because of the possibility of debris clogging up the small exciter turbine. 
If a motorHJriven, water wheel exciter Is used there is no need for governors 
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on the water wheel nor a flywheel on the set because the motor acts as the 
speed r^ulator. In some of the latest hydroelectric developments a ^m- 
tem of excitation is being used in which a small motor-driven exciter set is 
provided for each generator unit. The exciter has a rating corresponding 
to that required by its generator and the terminals are connected directly 
to the generator fields. The motors of the exciter sets are fed from one or 
two low-voltage generators driven by independent water wheels, but in 
addition, the connections are so arranged that if necessary the motors may 
be connected to the main buses through transformers, two separate sources 
thus being provided for driving them. With this arrangement the objection 
to motor-driven exciters on the ground that they are liable to fall out of 
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step when a abort-circuit occura on the ^yBtem, a overcome because the 
system of excitfttion a entirely independent of the alternating current 
^stem. A rather late departure is in the use of atorage batteries in 
connection with exciters. The advantage of auch use is obvious, for with 
the failure of exciters the storage batteiy automatically keeps up the exci- 
tation. 

Transfoimer layout and Ratiiigs. — With moderate voltage develop- 
ments, it has been the general practice in the past to inatall one b-ansfonuer 
group for each generator and of equal rating, even if this size was not the 
moet economical. In general, however, with a large number of units it 
is more advantageous to install three-phase tranaformeis, while in plants 
consisting of one or two generating units where the cost of a spare three- 
phase transformer is not warranted, it is preferable to install single-phase 
transformers. For present modem high voltage systems where it is con- 
sidered undesirable to parallel the transmiaaion lines on the high-tension 
aide or to carry out any hi^tension switching, it is the general practice 
to inatall transformers in groups, each having a rating corresponding to 
tite line. The transformer group and the line is considered as a unit. Thin 
is commonly called the " Unit System." 

The current carrying abiUty of transmission lines ranges from 20,000 kw. 
to 50,000 kw. and as the most economical size of high-voltage transformers 
is from 6,000 kw. to 12,500 kw., it is entirely feasible to provide one group 
of single-phase tranaformera for transmiaaion lines up to 40,000 kw. rating, 
while above this it becomes necessary to provide two groups in parallel for 
each transmission line. The moat important requirement in connection 
with modem transformers of large rating is, that their design must be such 
as to limit the current output of the system called upon to feed at times of 
short-circuits, and besides this to successfully withstand the tremendous 
mechanical strains to which the transformer windings are subjected due 
to abort circuits. For this reason transformers are now designed with a 
considerably hi^er reactance than was formerly the case, 4 to 6 per c^it. 
reactance now being quite common. By so limiting the abnormal flow of 
current into a short dreuit tlie generating syatem, as a whole, is relieved 
from possible diaastrous effects. 

Power-Limiting Reactors. — The increase in stie of modem generating 
stations and units and the concentration of enormous amounts of power in 
single generating stations or combined systems have made it necessary not 
only to increase the inherent reactance of the apparatus but also to provide 
artificial reactance for limiting the amoimt of current that may flow from 
any part of the system into a short circuit in apparatus or connections 
inside the station or close to the station. Such power-limiting reactors are 
divided into three classes — generator, bua-eectionalizing and feeder reactors. 
As a rule, the water-wheel-driven generator is designed with sufficiently hi^ 
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inherent reactance. Bua-sectionaludi^ reactora are becoming more and 
more used in large stations. When a bus beconkes bo large that for con- 
tinuity of service, etc., it becomes necessary to divide it into several sections, 
reactors are generally placed between the sections permitting any section 
to draw only part of its load from the adjacent sections. Thus the short- 
circuit current of one section is limited to that of another section and in 
addition the amount drawn from any other part itf the system is limited. 

The scheme of reactors ^own in Fig. 88 combines the advantages of 
the majctrity of other schemes in existence and possesses few of their objec- 
tionable features. The lines D are grouped and fed from different bus sec- 
tions, C, which are individually energized by alternators, A delivering current 
through 5 per cent, reactors b. The bus sections are normally operated 
separately, but may be instantly connected by tie-switches c. To p 
this emergency connection, 
each alternator in operation 
is permanently connected to 
a common synchronizing- 
bus B through 2 per c^it. 
reactors which keep the al- 
ternators in step and also 
serve the purpose of tie-bus 
reactors. When this scheme 
is employed with a bus divid- 
ed into several sections the 
voltage regulation is much 
betto' when there is current 
exchange than when ordin- 
aiy bus-tie reactors are used. 
This is obvious from the fact 
that to get the same protection as here obtained 5 per cent, bus-tie reactors 
would have to be used and the energy exchanged between two non-adjacent 
sections would suffer a large voltage drop. If it is not considered necessary 
to protect the alternators themselves against current surges, the 5 per cent, 
reactors can be omitted and the operation still conmderably improved over 
that obtuned with bus-tie reactors. 

Tranafttfiner Connections. — Practically all existing hydroelectric sys- 
tems operating long distance high-voltage transmission lines are either 
delta or star connected as shown in the accompanying diagram of three- 
phase connections.* The voltage relations are: 

(Delta) x' = v^y, or 100 per cent, of voltage between lines. 
(Star) y- « -f- v^. (» 57.7 per cent, of full volt^fe between lines. 




Fig. 88.- 



* For Kendal ByBt«iiis of eonnectiona see V 



a T. Taylor's "Tronatormer PradJo*." 
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Where the power factor or Cos. 8 = 1.0, then 

With power factor leas than unity, then 

P^V^EICoa. e~V^EI~=ZE^Coa.9 

The number and size of the transformers and whether they should be 
of the single-phase or the three-phaae design, depends entirely on the nature 
of the system and on the operating conditions. The transformers may be 
ctmnected either in delta or star, isolated or grounded. The star connection 
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7\%. 89.— Some Three-Phase Traneformer Connections 

with neutral grounded is generally preferable to the isolated delta-connec- 
tion for high voltages. 

Under normal operation the voltage stress of the apparatus is the same 
whether the isolated delta connection or the grounded star connection be 
used, but in case of a ground on one line wire the isolated delta system will 
be exposed to a higher voltage above ground than would be the case with 
the grounded star system. The disadvantage of the star system is that any 
ground of the line wires will cause a short circuit and thus a shut-down, 
provided the grounded rheostat is not used. However, the delta-connected 
system seems to be in a far worse condition in that a ground is very often 
followed by a disturbance of such power that breakdowns of insulation at 
other points also take place. Such a disturbance of the delta system gen- 
erally results in serious dam^e to apparatus and service. The cause of 
this disturbance is found in the oscillatory character of the arc which takes 
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place from a delta-connected system to ground, together with a large 
amount of current which will flow in euch an arc if the system is extensive. 
In the event of a ground on a delta-connected system, the charging current, 
which is a function of the voltage from wire to neutral, will be increased 
because the neutral is shifted from the center of the delta to one comer. 
This increase will be about 73 per cent. The current Sowing in the arc to 
ground may be nearly equal to the increased charging current, which on 
a 60,000 volt system would amount to about 400 amperes. The grounded 
star-connected system is free from such disturbances, and the frequency 
of an arc to ground is but that of the system itself. Any danger is confined 
entirely to the point of failure only. 

Advantages of Star over Delta Ctmnected System. — With the star- 
connected system transformers are wound for only 57.7 per cent, of the 
voltage required in the delta system. The product of the turns timps the 
average voltage to neutral in the star-connected group is 41.8 per cent, of 
that in the delta connected group. The windings have 173 per cent, of the 
current capadty of the windings of a delta unit. In general, the star- 
connected system (star on the high-voltage side) has the following advan- 
tages over the delta-connectfid systeni: 

1 Subject to lew insulatioD BtreaBefl, witli or wiUtout a gmimd on the line. 

2 The factor of safety is greater uuler Himilar oonditione of operation. 

3 Capable of withBtanding streeaes at higher frequenciee. 

4 A ground on the line reduces the voltage of the Bysteni with respect to the ground, 

but an increaae in voltage with nepect to the ground, occura on all non-grounded 
syatema. 
6 Maximum potential above ground is fixed at 57.7 per cent. 

6 Maximum potential above ground, less when a ground occura on the line. 

7 Less liability of disturbance on the system when switching on or off, due to a lesser 

amount of stored energy in the dielectric of the hi^ voltage transformer winding. 

8 Lees insulation stress wh^i switching on or off. 

9 Better adapted to withstand mechanical streBses due to ahort-circuits, because of 

the higher current capacity winding with larg^* conductors. 

10 Less number of turns of loiter ampere capacity and equivalent lesser number of 

1 1 Cost of high voltage windings considerably less and much stronger. 

13 With equal mechanical support, it is stronger than the delta winding for the same 
line voltage and capacity. 

13 Under normal operation the minimum stress is equal to lero as against 29 per cent. 

for the delta. 

14 Its average safety factor is in the ratio of 7 to 4.64 in favor of the delta-star system. 

15 At a minimum cost, the distorted third harmonic and the neutral point are made 

stable, and with a maximum degree of stability of the neutnl point — the cost 

being nil. 
18 Third harmonic currents, and cuirente having a multiple of the third, cannot flow 

on account of being in phase with each other. 
17 More direct transformation as there can be no interchange of m jn.f. between i^iaaea. 
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18 A conoidenible difference in impeduioe, or ratio, or botli, can be emplojred to nuke 

up the atar aide of a groop, without tqiprecisblf Meeting the current or voltage 
or the division of the phases. Impoaaible with the delta-delta system. 

19 Less number of high voltage switches are, in general, required. 

20 Apparatus and transfonnere lew costly to manufacture. 

21 The high voltage aide is much tdmpler and much cheater. 

22 In the aanembly of transformeia, the coils in a group must be placed in position one 

by one during the m&ke-up, and the connections soldered and t^pcd ; in this opei^ 
ation leas ooila have to be handled, etc., hence, this cost of assembly is less. 

23 A lightning charge will have a less effect on the winding) of transformers, due to the 

laiger and wider conductors. 

24 Possible to operate and supply a threfrphaae load aw two tranamiaaion line con- 

ductors. Impossible with the delta syatem. 

25 The reversal of one of the transformer windings will not produce a shortmireuit, 

but will for the delta system. 

26 Advantage of not being able, under any possibility, of increaaiog the voltage at the 

receiving station as the delta-delta to star would do-r-the latter being v*^ times 

Star-Star Connectioas. — The star-star connection of single^phase trans- 
fonners is not suitable for four>wire three-phase service, nor should it be 
operated with the neutral grounded. The transformers would be subjected 
to an undue stress between layers and between coils on account of the dis- 
torted emf. between neutral and lines. In the "shell" type of tians- 
foimer (single or three-phase), the third harmonic component of the wave- 
form may be entirely eliminated by using an interconnected-star primary 
or secondary -winding. In the three-phase "core" type transformer with 
interlinked magnetic circuits, the interchange of nunf. takes place between ~ 
the phases, so that each phase has part of the required mmf . suppUed from 
the other two phases during a portion of the cycle. Due to this inier- 
change of third-harmonic mmf. there exists a third-harmonic leakage field 
in the air external to the coils. 

Delta-Delta Connections. — The most important advanti^ oi the delta- 
deltarconnected group of single-phase transformers is in its flexibility should 
one unit fail. The stresses to which the insulation is subjected are higher 
than in the star-connection, and there is no means of grounding ihe neutral 
except through the intermediary of an interconnected-star group ctf single- 
phase auto-transformers. The insulation stress due to switching on and oS 
are greater than in the star-connected system, and, with the use ol three- 
pha^ units its only advantage of flexibility becomes frustrated. 

Star-Delta Connections. — In star-delta-coanected step-up transformers, 
the third-harmonic mmf. is supplied to each phase as required by the other 
two throi^h the secondary delta-connected windii^, so that there exists 
a circulating third-harmonic magnetizing current in the delta of trans- 
fonners connected in this manner, which is equal in magnitude and time- 
phase to the equivalent component in the normal single-phase secondaiy 
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Tabl» 8.— Peibhnt Dat Us» of the Stab aito Dxma Conotctionb tor Thbm- 
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The extensive system of the MiaeisBippi Riv«r Power Company at Keokuk, Iowa, 
operates with the delta-star cooaections, and tJie bi^«Bt voltage system in the world 
(operated by the Pacific Light ft Power Company] is also a delta-star system. Both 
have the neutral grounded. Sevosl other developments of 100,000 volts and above in 
the United Statee, France, South Africa, Sweden, Denmaric use thiB system. 
* This column abowH Hin^e-phoae units or three^hase units. 

exciting current of the transformers. The effect of diSerencea in the mag- 
netic characterifitics of tranaformere so connected is to cause slight dis- 
symmetry in the delta secondary emf. waves between lines, which is due to 
third-harmonic components in three-phase relation which appear in these 
emfs. If the neutral of the star-connected primary side be connected to 
the generators supplying the transformers the result will be a short-circuit 
so f ar aa the third-harmonic component of the generator between neutral 
and terminals is concerned, the Sow of third-harmonic current being limited 
only by the impedence of the tran^ormers, and serious heating may result 
to both the generator and the transformers, and, since the neutral is stable 
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there is no necessity for connecting it to that of the generator neutr&l. 
If it is desired to ground the primary, this may be done most advantageously 
iby grounding the neutral point of the star-connected transformers. 

The three-phase "shell" type transformers do not difEer materially from 
three sii^le-phase transformers. The three-phase " core" type transformer 
with delta-star-connection has a stable neutral point and also on account 
of the interlinked magnetic circuits the secondary neutral to line emf. is 
absolutely free from third-harmonics. 

Size and Number of GMieiating Stations. — There occurs a period in the 
expansion of any area served when the losses incurred in trsjismission and 
t^e larger expense entailed by increasing distance from the generating 
station make necessary the establishment of one or several additional 
stations to take care of the load remote from the main plant. An increase 
in size of station and in output eventually ceases to win economies suffi- 
cient to cover trausmissioQ losses. With hydroelectric plants producii^ 
cheap power, heavy transmission losses can be borne and still keep above 
the cost of locally generated power. For several years past there has been 
a. marked tendency toward the concentration of the supply of electrical 
energy for all uses in a large territory from one system. The large system 
has economical advantages over numerous small ones. One of its most 
conspicuous advantages is the possibility of utilization of the diversity 
factor. 

Practically no hydroelectric development with the rating of installed 
apparatus above that justifiable at minimum stream-flow is nowadays 
attempted without a steam-driven generating station on the system. Such 
a steam station may be used as an auxiliary station at periods of low water, 
as a reserve in case of interruptions, or as a regulating statioa in case of 
large variations in the load with the hydroelectric plant running at con- 
stant output. 

As regards generatii^ electricity by burning coal at the mine's mouth in 
preference to transporting it by rail to the point of consumption, each case 
will involve special factors of importance. Where freight is high and the 
grade of coal poor it may pay to use the coal at the mine, the energy then 
being transmitted electrically. However, where coal is of high grade and 
navigable transportation is available, it will undoubtedly be found cheaper 
to transport the actual coal. At the present time inferior fuel at coal mines 
is being economically used for generating electricity, its use being a favor- 
able competitor to many hydroelectric long distance high voltage trans- 
mission sj'stems. 

Operation of Water Power Plants at Low Load Factors.— With the recent 
improvements in steam turbine design in large units and the increased 
efficiency secured thereby (water rate of 11.3 lb, per kw.-hr. for the 30,000 
kw. cross-compound steam turbines of Interborough Rapid Transit Com- 
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pany, New York City) there has been considerable disouafuon among 
engineera of the approaching competition of the eteam turbine plant with 
water power plants on low and mediiun load factors. What seema to be a 
careful analysis of the situation from the standpoint of water power opera- 
tion was presented by Cary T. Hutchinson in Eledrioai World, August 5, 
1916, and quoted in what follows: 

"The discuaffion at Washington, D. C, oa water power development (Frooeedings 
A. I. E. E., July, 1916, pages 1131 to 1165) ahowa a lack of qtpreciation of the 
value of water powers for work at low load factors. This is brought out by 
H. G. 9tott in these words: ' Now what we team from these facts is simply this — 
that if we wont to produce power at a lower cost than we can do to-day by 
hydroelectric plants, we must use some combinati<»i of steam and hydroelectric 
power, the steam plant for the peak loads and the hydroelectric power for that 
part oF the load having load factors of over 60 per cent. * * * That is, if we 
can produce steam for the average purposes for the use of those industries which 
involve the use of a load factor considerably below 60 per cent, why bother with 
hydroelectric power at aQ? There is no.use in going into it where the toad factor 
is below 50 per cent. There is liardly a single hydroelectric power left which it 
will pay to develop if the toad factor is below 50 per cent.' 

"Ttiese statements are true only in case the annual cost of the hydroelectric out- 
put is a constant sum per kw. of capacity, and consequently an increasing amount 
per kw. lir. at low load factors. This condition obtains where power is sold at a 
fixed price per year, as at Niagara Falls, N. Y., which Mr. Stott apparently had in 
mind, but it is the reverse of true when the energy output of the plant is a ctmstant, 
with equipment varied to suit the load factor. 

"Ttie controlling conditJon then is that the hydroelectric i^ant should have sufS- 
dent storage to permit the delivery of its full quota of energy at any commercial 
load factor, that is, with constant energy output and not constant power. In all 
such cases, if the costs of energy from the hydroelectric plant and from the steam 
plant are equal at any load factor, then the cost of energy from the hydroelectric 
plant will be less tlian tliat of the steam plant at lower load factors and greater than 
that of the steam plant at greater load factors. The writer showed this m detail in 
his pi^r before the American Institute of Electrical Enfpneers in 1914 (Transac- 
tions A. I. E. E., Vol. XXXIII). 

"For a hydroelectric plant, let 
W - total cost for the year, operation and fined charges. 

IF, — the annual cost of that portion of the plant which does not vary with the in- 
stalled capacity. 
Wt m the annual cost of that portion of the plant which does vary with the capacity. 
ID — the annual cost per kw. on that portion of the plant varying with the capacity ; 

this is made up of a certun per cent, charge on an increment investment. 
P — the capacity in kw. 
Then 

- w,+ wP a) 
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"Similariy for a steam plaDt, let 
S — the total annual cost, operation and fixed charges. 
>Si = the annual operating coat, proportional to the ou^>ut. 
iSi = the annual capital charges made up of a per cent, rate on the total co6t of the 

plant. 
t •= the annual capital charges per kw. of capacity. 



S ' 



-S,+ »P 
"The annual charge per kw. of increment of capacity (to]. 



(2) 



, for a hydroelectric 
plant is always less than the annual chai^ per kw. of capacity of a steam plant for 
tworeaaona: first, the rate charged against it is lees; and second, the capital sum is 
lees. All authoritjea assign a leas rate on investment to a hydroelectric plant than 
to a steam pUnt, fair figures are 10 per cent and 15 per cent., respectively, excluding 
I^ofit in both cases. The difference in this 
rate ia the greater depreciation and obsoles- 
cence of the steam plant and the increase in 
taxes due to the nature and location ot the 
property. Moreover, the cost of mcreasing 
the installed capacity of a hydroelectric 
plant is less than the total cost of a steam 
plant, as S30 to $40 will cover the increment 
cost of a hydroelectric plant in nearly all 
cases, whereas for the steam plant the cost 
will be about S60 per kw, 

"Taking (40 for the hydroelectric plant 
and S60 for the steam plant, and rates <^ 
10 per cent, and 15 per cent., respectively, 
the costs are 

W-W,+ iP (3) 

8 - 5,+ 9P (4) 
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Pig. 90.— Relative Costs of Energy 
from a Hydraulic Plant with Storage 
and aSte^ Plant 



"Obviously, if W - 5 for any particular load factor, as 50 per cent., then Wis less 
than S for all values of P greater than that giving 50 per cent, load factor, that is, for 
lower load factors; and ia greater than S for lower values of P, that is, for higher 
load factors. The disadvantage of the steam plant at low load factor ie made 
greater by the increase in the operating cost Si; that is, both terms of equation (4) 
Increase at low load factors. 

"These facta are brought out in Tig. 00, in which the coBtfl are shown to be equal at 
a 50 per cent, load factor. The curve for the hydroelectric plant falls below that for 
the steam pUnt at a lower load factor, and rises ab(}ve that for the steam plant at a 
higher load factor. The precise figures used may vary widely without affectji^ 
the general statement that water power plants with storage are relatively cheaper 
at low than at high load factors. 

"These facta can be illustrated by a specific case for which detailed costa are 
aviulable. Table 9 pves the costs to build a. larf^ wat«r power plant, including 
transmisnon lines and substetions equipped for dififerent load factors. The plant 



, Google 



LAYOUT AND SELECTION OF PLANT EQUIPMENT 163 

having adequate storage to secure the delivery of ths same quantity of enei^QT under 
all load factors. 

Tablb — CoNBTHucnoN Coer of Water Powbb Tulst iNCLuniNa Links and Sub- 



P» Hw. Hl 



100 200 2.2S 2.08 

"The cost of enei^ increases materially at low load factor, but even so is lower 
than for the steam plant, for which the 15 per cent, on a coat of $60 at 25 per cent, 
load factor is itself equal to 4. 15 mills, greater than the total cost of the water power, 
without considering the operating costs. This all means that for such water powera 
the peak should be carried by the water and the base, by the steam, each being tlien 
used to the greatest advantage. 

"One other point is conspicuous by its absence in nearly all comparisons of the 
coet of water and steam power, and that ia the ignoiiog of the heavy obsolescence 
of steam plants. The history of steam plants in New York illuatrates the point well 
enough. The average life of these plants has been less than ten years, the average 
output probably less than 2500 kw, hr. per kw. of capacity, which means a total out- 
put of 25,000 kw.hr. per kw, during the useful life. The cost has averaged more that 
tlOO per kw., so here is an obsolescence charge of 4 mills per kw. hr., which ia usually 
blinked at. The immediate saving in coal looms large while the deferred cost of 
obsolescence vanishes in the distance. All improvements and increased economies 
in steam generation mean increase in the obsolescence coet and the possible intro- 
duction of oil engines threatens greater burdens. 

"The stability of water powers has not been aufficienUy emphaeiEed in these dia- 
cusmons. The water power with storage is becoming important, and as the con- 
aervation movement leads to this water powers operated at low load factors will 



The efficiency of any hydroelectric plant depends lar^ly on operating 
conditions, and the efficiency and reliability of an operating staff. Modem 
developments now place more weight on this matter than on any other in 
a hydroelectric system. The value of plant efficiency is generally recog- 
nized and maintained at the moat efficient point when possible. It simply 
means maintaining the best conditions of operation for different kilowatt 
hour outputs at the lowest possible cost. 

High-tension Plant Constnictioii. — ^There have been certain changes in 
the design and construction of hydroelectric plant equipment that have 
improved the construction and operation of high tension stations and added 
to their reliability. Among these are modifications in transformer and 
switch practice. Of late years the three-phase unit has become popular, 
a development that really belongs to the early history of transmission as 
worked out in Germany. American en^neers for a long time were very 
cautious in adopting them, since it seemed wiser to use separate teansfonn- 
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ere for each phase so that the plant might be worked on an emergency con- 
nection in case a single transfoimer failed. The introduction of improved 
lightning arresters, particularly the electrolytic type, have in considerable 
measure removed the danger of burn-outs and encouraged the use of highly 
efficient and economical three-phase transformer miits. Whether these or 
the separate traasformera are chosen, however, depends somewhat on the 
size of the plant and the character of service. A sufficiently large installa- 
tion can very well carry one or more three-phase units in reserve while a 
small plant might still find it advisable and economical to employ separate 
transformers. 

Switching apparatus is a frequent source of trouble in station operation, 
and not only is it dedrable to select comparatively simple and easily- 
operated devices, but to put them where the connections, including dis- 
connecting switches, are conveniently installed and easily inspected, 

A great deal of information which reflects modem practice in these 
matters was given in an article of the Electrical World, November 18, 1916, 
entitled "Construction and Layout of High-Tension Equipment," by 
M. M. Samuels and the su^estions under the following headings have been 
abstracted therefrom. The practice outlined and the construction shown 
by the illustrations are those which has been employed by the J. G. White 
Engineering Corporation in various plants. 

Indoor and Outdoor Transfoimers. — ^Transformers are now being built 
for very high voltages and ratings for both single and three-phase circuits. 
Indoor-type transformer tanks are built mostly of corrugated steel and are 
mounted on cast-iron bases. Steel bases are being used more extensively 
than they formerly were, however, on account of the fact that modem 
weldii^ methods permit attaching them to tanks very easily. Since in- 
door transformers of large rating are always water cooled no special radi- 
ators are required, the tank surface in addition to conversion currents in the 
water being sufficient to carry away the beat energy. 

For outdoor transformere, however, water cooling is not always practical, 
since units are often located where water is either not available at all or 
where it can be obtained only at considerable cost. Even when cooling 
water is obtainable at outdoor stations it is sometimes inadvisable to install 
water-cooled transformers, since there are usually no attendants to see that 
the circulation of cooling water is m^ntained and the transformere thus 
prevented from overheating. If water-cooled transformere were used 
under such conditions it would be necessary to have the oil switch trip coil 
actuated by the temperature measurii^ apparatus or by the discontinuance 
of water circulation. This cannot be considered as a very reliable method, 
nor could it be considered dedrable even If it were reliable. These service 
Umitations have brought about the radiator-type of self-cooled transformer, 
which has several radiator-shaped coohng surfaces attached to the tank. 
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In hydroelectric power houses where a great quantity of water U avwlable 
at little cost, the cooling water is usually taken from the intake, circulated 
through the transformers under the force of gravity and discharged into 
the taih^ce, so that no elaborate water piping is required. At substations, 
however, where city water often has to be used, or where the water has to be 
pumped at great expense, a saving usually can be realized by installing 
cooling facilities and recirculating the water through the transformer. 
Cooling towers have been used to great advantage for this purpose, but 
recently cooling ponds with spray nozzles are being preferred by most engi- 
neers. In steam statjons, it is sometimes an advantage to pass the trans- 
former water through the water heaters, thus utilizing part of the energy 
lost through radiation from the transformers. The arrangement of piping 
and space required for this as well as the oil filtering and pumping equip- 
ment should be given special conaideratioa when making a preliminary 
power station or substation layout since the crowding of piping will often 
cause coiii|)lications in the high-tensdon wiring, which should by all means be 
avoided. 

Hounting of Oil Switches. — Next in importance to the transformer as 
regards rapid development of construction is the oil switch. There is a 
new type of switch 'in practically every new station that is conskucted. 
Low-tension oil switches differ so much that different bus structures have 
to be used with nearly every type. On the other hand, all modem high- 
tension oil switches have approximately the same outdde appearance, and 
there is very little difference in the required floor space. Older types of 
higb-tension oil switches required concrete or steel foundaUons in order to 
nuse the terminals above reach. Most recent oil switches, however, are 
arranged for pipe or angle-iron mounting, which not only does away with 
the necessity of a foundation, but permits the tank being lowered easily 
for repairs or examination. For automatic operation of the older types of 
high-tension oil switches, series relays were mounted on high-tension in- 
sulators and ctHmected with small auxiliary tripping switches by means of 
long wooden rods. This rather clumsy and primitive construction is now 
very seldom used, however, Its place havli^ been taken by curroit trana- 
formers. Where the line current has to be measured, as is required in most 
cases, the meter current transformers are- utilized for operatii^ the relays. 
When metering is not required, bushing-type transformers mounted on the 
oil-switch terminals are generally employed for operating the relays. 

Since a continuous wall or steel member is seldom installed along a line 
of oil switches on which to support a control bus, individual circuits usually 
have to be carried directly from the switchboard to each oil switch. A 
method of supporting high-tension oil switches so their terminals will be 
above reach, which does not require elevated foundations, is to mount 
them on an angle-iron framework and equip them with a manually operable 
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mechanism for lowering the oil tanks. In using this arrangement, hangers 
carrying pull^« are attached to the frame, the hoisting cable Iwd in the 
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pulley grooves and looped under the pulleys on each end of the tank, and 
the tank detached from the frame and lowered. Pipe supports may also 
be employed for mounting oil switches. 
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Disconnecting Switches. — Except in extreme cases, such as for bus selec- 
tion, disconnectii^ switches are aiudliaiies to oil switches, serving only to 
isolate the switch when 

inspection or repairs '^''' 'mt.^ittS*t^^ 

are necessary. On this 
account, they may be 
considered a necessary 
evil and should not be 
pennitted to have too 
much influence upon 
the character and qual- 
ity of a high-tendon 
layout. All of the old- 
t y p e disconnecting 
switches with the ex- 
ception of the pneu- 
matically operated 
units, were usually op- 
ened and closed by 
means of a switch hook attached to a hickory stick of suitable length. 
This Qiethod requires an operating aisle which increases in width with the 



Fig. 93.- 




Eltvotlon Jk-A Section B-B 

Fig. d4. — B&yooet-type IXsconuecting Switch Requiring Small Aisle Space 

voltage as shown in the curves of Fig. 91. The space cannot be utilized for 
any other purpose and is thus wasted. Especially in hydroelectric stations 
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with elaborate substructureB, this has called for ao enormous expense and 
has led to the development of many types of disconnecting switches which 
are operated from the floor by means of a pipe mechanism. Most of these 
switches are of the pivot type, the center insulator tunung around its pin 
as an axis and contacts being made at the top as well as at the bottom. 
Such switches were installed by the J. G. White Engineering Corporation 
in the Frackville substation of the Eastern Pennsylvania Railways^Com- 
pany. They are rated at 30,000 volts. Six disconnecting switches, three 
on each side of each oil switch, are operated by one common lever, as 

shown in Fig. 93. 
Such switches permit 
a considerable saving 
in the width of the ■ 
operating aisle, but re- 
quire more space be- 
tween the individual 
switches, dnce the 
blades rotate in the 
same plane. 

A verygoodtjrpeof 
disconnecting switch 
is shown in Fig. 94. 
This switch was de- 
agned by The J. G. 
White Engineering 
Corporation and is 
now employed at the 
Parr Shoala plant in 
South Carolina and 
Stevens Creek plant at 
Augusta, Ga., in both 
power bouses and substations. The enormous amount of floor space saved 
by its use is shown in the curves of Pig. 92. In this case also, six discon- 
necting switches are operated simultaneously, thus saving a great deal of 
time which may be of great importance when it is necessary quickly to 
examine an oil switch. While a chain mechanism is employed for oper- 
ating the switches it should not be difficult to design a bell-crank arrange- 
ment if this should prove to be of any advantage. 

Air-Break Outdoor Switches. — For small outdoor substations connected 
to transmission lines and serving industrial loads, the air-break pole-top 
switch is being successfully used. The moat practical designs operate 
on the principle of breaking the load first through regular switch jaws and 
then breaking the arc by means of horns, a toggle or other operating mechan- 
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ism being provided to insure uniform switch openit^. Circuits carrying 
loads as targe as 20,000 kw. have been opened successfully by means of 
these switches but on account of the possibility of suites being set up such 
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switching is advisable only in emergency cases. In Chapter 7 results of 
tests on air-break switches under different conditions are given. When- 
ever the expenditure for oil switches is at all warranted they should be 
installed. 
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Wall and Roof Bushings. — The problem of bringiiig a high-tension wire 
out of a building is similar to bringing one out of a transformer. For the 




same reason that most transformer high-tension leads are brought out 
through the top it will be 
found best to bring high- 
tension conductors out of 
power houses or substa- 
tions through the roof. In 
some cases, however, it 
will be found better to 
use wall outlets. No fixed 
3 rule can be made in this 
respect, dnce the method 
depends on the particular 
layout, the arrangement 
of buses, disconnecting 
switches and Ughtning 
arresters being the ruling 
factor. For pressures of 
100,000 volts and higher, 
the weight of the outlet 
bushing and its great size 
as well as the required 
ground clearance from 
steel must be taken into 
consideration when de- 
signing the roof. A good 
example of a 120,000 volt roof outlet cone is shown in Figs. 97. The 
base casting of the porcelain bushing is bolted to a circularly-bent angle 



Fig. 90.— Wall-type Buatung for 60,0CX) Volt InsUllation 
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iron which is attached to the roof purlins by radial angle irons. This con- 
Btniction was used in the Ocoee River power bouse of the Tennessee Power 
Company. In Fig. 98 is shown the type of roof outlet used in the Stevens 
Creek (Ga.) power house, and also a roof installation of horn gaps with the 
operating rod running through the roof slab. It may be pointed out that 
the roof beams are spaced with due regard to electrical conditions. 

Both roof and wall outlets are shown in Fig. 95 with the horn gaps 
mounted on special steel work over the hgbtning-airester leanto. .This 
arrangement is used in the 36,000 volt part of the Rock River power house 
of the Tri-City Railway A light Company, Davenport, Iowa, and shows 
what careful planning can accomplish under the most unfavorable condi- 
tions in an old building. Different types of wall outlets are shown in Figs. 
96 and 99. The foimer is a 35,000 volt ga^ouse substation connected 
with the Tri-City Company and the second is a 60,000 volt airangement 
at the Parr Sho^ (S. C.) power house. The method of setting wall bush- 
ings must depend in each case on the particular conditions at hand, and 
due consideration must be given to architectural features. 

General Airangement and Wiring. — No rules or classifications are poe- 
able with reference to high-tenaon wiring. However, giv^i cert^ types 
of apparatus and a wirii^ scheme it will generally be easier for a de^gner 
to devise a good arrangement with high-tension equipment than it will be 
to work a Iow-ten«on bus structure into crowded space. Simplicity, direct- 
ness and acc^rability of all conductors should be the underlying principles 
of all high-tensioQ designs. While loose wiring or strain-insulator units 
may be suitable on transmission-line towers they are out of place in any 
station. Only rigid conductors, well supported and properly spaced, should 
be conadered for high-tension station layouts. For this purpose copper 
pipe or brass pipe is preferable to wire. Table 49 (page 296) ^ves all the 
necessary data for pipe conductor installations. 

CleaianceB for Station 'VHring and Apparatus. — Minimum and preferable 
clearances are given in Table 10. In this connection it may be pointed out 
that all energized parts should be out of reach to prevent accidental con- 
tact. The buses may be arranged either in a horizontal or a vertical plane, 
it being safe to disregard the argumentfi advanced that something may 
accidentally fall across horizontally arranged buses and short circuit them, 
and that an operator holding a length of pipe may short-circuit vertically 
arranged buses. There is do more chance of a piece of metal falling across 
horizontal buses than there ts of a piece of pipe short circuiting vertical 
buses. Choke coils should be located as near the building entrance as 
practicable and if possible even outdoors, as shown in Fig. 96. 

Power Station Lighting. — In most cases too little attention is paid to 
the installation of lighting units and the selection of proper fixtures in the 
construction and design of power stations. The tendency in worldly out 
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statTon ligbtiDg sys- 
tems is largely the 
same as in other ilium- 
inatioQ problems, 
namely, to appro&ch 
daylight; to use gen- 
eral instead of indi- 
vidual illumioation 
wherever possible and 
to place fixtures out of 
the line of vision when 
possible. With mod- 
em high-wattage, gas- 
filled lamps, overhead 
illuminatJoD ispos^ble 
in most cases. Usually 
powerhouses have a 
crane and fixtures can 
be placed high between 
or below the roof 
trusses so that they can 
be reached from the 
crane. With a, proper 
. selection of reSectors, 
I a nearly uniform dis- 
tribution can be se- 
i cured in practically all 
I cases without diffi- 
p culty. 

i The recommenda- 
i tion of the N. E. L. A. 
D of 2.5 foot-candles in- 
! tensity for power 
: houses can be consid- 
ered as ample. How- 
: ever, it must not be 
I" forgotten that reflec- 
tors and lamps will be 
covered with dust and 
that the attendant will 
not always have or 
take time to keep them 
clean. From 15 per 
; cent, to 25 per cent. 
i should, therefore, be 
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allowed to account for this probable reduction in the eflSciency of the light- 
ing unit. In order 
to illustrate the use 
of overhead light- 
ing, a typical power- 
house building ia 
shewn with a suit- 
able arrangement of 
lamps and fixtures 
which may be con- 
^dered good prac- 
tice under average 
conditions.* 

Bracket Fixtures. 
— In somei cases it 
will be impossible 
to do away with p^ ioq_ 
bracket fixtures al- 
together. When 

lai^e bracket fixtures are required, they should be so arranged that they can 

be turned out of the 

• (^i£"Zl'&.''"^ wnytopemiltaorane 

^"^'/bu ^ pass. Such a fix- 

'jt A Co*trllo3F. ture is shown in Fig. 

'BaO 100, in which all 
^"^ wiring is inclosed. 
'*tin^ Smaller bracket fix- 
^ tures can be made up 

^l" of standard pipe fit- 
^^^ tinga, as shown m 
* Fig. 101. These fix- 

tures can be easily 
j^ made up on the job, 
and are substantial, 
make a strong and 
Rg. 101.— Urge Rrturefw (kitd<w'^ouiitiiig Over Power pi^a^ng appearance 

Thi* fiitun ia miida up of itudard IH-io. pipe Gttinfi aod cu bs and are more suitable 
Duda to uUnd U eonndarsble dinuice tram the nlL 4 ihowi mount' fQj. nower-hoUse UBC 
inc itf Buna flituiQ iDdoora. A t>i-uL itandard pipn flaoca oan be turcied 

dawn lo Bt iiuda B Via. nnud box. than are flimsy goose- 

necks or similar fix- 
tures. The same method can be adapted for fixtures out of doors. 

\ Vtytvc Houses, by M. M. Samuels, EUdrieaX 
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Both the front and back of a switchboard should 
be well illumiiiated. In most 

kt cases the general illumination 

3 I will take care of this and no 

^ g special lighting will be required. 

g'S Whenever special switchboard 

g-l lighting must be installed, a 

I ^ trough reflector held at a proper 

S.g distance from the switchboard 

&^ should be used with either Johns 

I g Manville "lindlite" lighting 

^ S units and reflectors or standard 

i I 10-watt tungsten umts with suit- 

I ^ able reflectors. An easy method 

- I of supporting the shade without 

£ £ ^ving it a clumsy appearance is 

i ta shown in Fig. 103a. The switch- 

b 'g board pipe supports are extended 

'^ n up and the shade is bracket sup- 

^ 8 ported therefrom. A small hole 

pO in one of the pipes will let the 

I § wires pass into the shade. In 

1^ general the problem of switch- 

^ I board illumination is about the 

^^ same as that of hghting paint- 

I g ings in art galleries, with the only 

aB difference that a punting re- 

I 'b, quires the same amount of light 

$S over its whole height, while a 

^ s J switchboard requires more light 

a J^na a !S S . at its upper part where the in- 

fl^ stnnnents are mounted. 

~ ^ The rear of the switchboard 

8 2 will be best illuminated by small 

* J brackets on the back wall, or by 

5 c a small overhead fixtures suspend- 

^ g 5 ed from the tie rods. Frosted 

o^^ lamps will be found more satis- 

^ 00 J factory in the back of the switch- 

S3 Q board as it is installed in the 

f^'^" - ™ "^ J £ average power station than clear 
lamps. 

Whenever an emergency soiu-ce, such as a control battery, is avulable, 




XnOQt^IC 




LAYOUT AND SELECTION OF PLANT EQUIPMENT 175 

a amall lever switch equipped with a low-voltage relay, which will turn on 
an emergency circuit automatically in case the main source of light should 
fail, should be injstalled on the switchboard. Such an emei^ency cdrcuit 
can be extended over the entire power house. In most power houses the 
whole lighting system can be thrown on the exciter bus, and in this case it 
will be necessary only to install emergency lamps near the switchboard, so 
that the operator can see to shift the double-throw switch over to the exciter 
bus. 

Storage Batteiy Room and Gage fixtures. — Overhead fixtures are 
recommended for storage-battery rooms. They should be substantial in 
construction and vaporproof . Such a fixture is 
shown in Fig. 103b made up of V. V. fittings 
No. 52,188 or No. 52,198 or Benjamin fittings 
No. 630 or No. 1,56S the latter being preferable 
for a 200-watt lamp. Any other substantial 
vaporproof fixture will, however, be satisfactory. 

Wherever pos^ble gages should have illum- 
inated dials, with the lamp inside the case. 
Where non-illuminated dials are used, a 45-deg. 
shade above the 

gage should be in- )*^'/f^*" 1,^^ If*' &"* 
stalled for each I ■*«' 'Hpr |*%" 
gage. No rules can 4'f„*™* U*'"'* 
be ^ven for the 
horizontal and ver- 
tical distance of the 
lamp from the gage. 
This depends on the 
height of the gf^ 
over the floor and 
also on other 
sources of light in 

the neighborhood. Pot vertical tubular gages, such as water or vacuum in- 
struments, a tubular lamp preferably frosted, with a suitable longitudioal 
shade placed at one dde of the gage will usually give best results. 

Switches and Circuit Wiring. — ^All switch cabinets should be made of 
heavy iron and have double-pole lever switches for all circuits. Switch 
handles should be of the spade type with a button on the front. It should 
be remembered that these switches will be operated by men accustomed to 
handling heavy machinery and for this reason snap switches should not be 
•used in power stations. Push button switches mounted in heavy iron 
boxes should be adopted instead. Separate circuits should be run for the 
attachment of receptacles so that it should not be necessary to turn on all 




Fie. 103. — (a) Method of Mounting lYou^ Reflectors for 
Switchboorda on P&ad Pipe Supports, (b) Fixture Adapted 

for Storage Battery Room Use. (e) Method of S ^-- 

Heavy Iteflectora. 
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the lights when a portable unit is to be used. At least one receptacle should 
be provided at each machine and at every place where close inspection may 
at times become necessary. For portable lights deck cable should be used 
and sockets and receptacles of strong deagn installed. 

Since fixture wire should not be used for lamps rated at 200 watts and 
above, slow-bumit^ wire is reconmiended run inside the fixture stems. A 
switch should be provided for each large fixture at a suitable place, so that 
Ughting units may be turned off when a particular part of the station is not- 
inuse. 

High Tmsion Rotmi Lighting.— lighting of high-temdon rooms is a 
difficult problem. Uniform illumination is out of the question, since the 
lighting units must be placed in accessible positions and therefore must 
generally be very low. Furthermore, it is difficult to illuminate discon- 
necting switches and buses located at high elevations. Flood-lighting may 
be si^;ge6ted as a possible solution of the problem of properly lighting high- 
tension rooms. Otherwise it is necessary to resort to special reflectors and 
frosted lamps. Guards should in most cases be provided for incandescent 
lamps to protect the filaments from static effects. When lightning arrest- 
ers are mounted on the roof, fixtures can easily be attached to the pipe 
framework of the arrester. A switch should be placed indoors near the 
ladder or stairs leading to the roof. A pilot lamp can be provided near this 
switch to tell the operator when the lights on the roof are on. 

Equqiment and Operation of a Typical System. — A concrete example of a 
moderate size and moderate head hydroelectric development using storage 
will serve to illustrate the losses of the entire plant from the intake of pipe 
lines to the distant receiving station, and also the effect of proper operation 
of the system. The system here referred to has a storage to take care of 
low-water periods, hence efficiency means more than a plant without any 
storage features. The physical data for this plant are as follows: 

Pipe Lines and Penstocks. — ^Two 15,865 ft. wooden stave pipe lines; one 
of 68 in. inside diameter, dividing at a point 950 ft. from the power-house 
into two 48 in. inude diameter rivetcd-steel penstocks, and one of 49 in. 
inside diameter, dividing at a point 1,000 ft. from the power-house into a 
48 in. inside diameter riveted-steel penstock. The entry of the pipe is bell- 
mouthed. The pipe lines have a slope of 4 ft. per 1000 ft. to give a velocity 
of 10 ft. per second. The pipe line contuns five steel elbows, where the 
curvature is greater than 20 deg. These elbows are made to a 15 ft. radius 
and have angles respectively 92, 55, 60, 65, and 45 degrees. The total head 
is 605 ft. 

Water Wheels and Turbines. — Two 8,000 hp. Francis turbinea operating 
at 600 r. p. m., and two 2,400 hp. Pelton water wheels (impulse) operating 
at 400 r. p. m. The wheels are equipped with two runners, each of which 
is supplied from a needle and a defiecting noizle. 
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Generators and Exciters. — Two direct-connected, three-phase, 60 cycle, 
2,300 volte, 4,000 kw. revolving-field units, and two three-phase, 60 cycle, 
2,300 volts, 1,200 kw. revolving-field units. One 150 kw. water-wheel driven 
exciter and two 75 kw. water-wheel driven exciters, 125 volts. 

StejHwp Transformers (in power station). — Nine single-phase units, each 
of 1,500 kw. capacity, stepping-up the voltage from 2,300 volts to 60,000 
volts three-phase, star-connection, with neutral point of system grounded. 

Transmiasion lAnea. — Two three-phase lines, each' 39 miles long. One 
'line is of 0.258 in. diameter, solid medium hard-drawn copper conductor; 
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Fig. 104.— Complete Penstock EfiBciency in Per Cent, and Total Loas of Head in Each 
Hpe line for IMfferent Velocities in Seoond-Feet 



with wires spaced on 6 ft. triangle. One line is of 0.46 in. diameter, seven- 
strand hard-drawn copper conductor, the wires being placed in a 7 ft. 
triangle. 

Step-down Transformers (in receiving station). — E^ht sii^e-phase units, 
each of 1,500 kw. rating and made with a ratio of 54,000 volts, three-phase, 
to 15,000 volts and 2,500 volts, two-phase, makii^ four groups of trans- 
formers of two per group. The low-voltage coils are connected in series for 
15,000 volts and in multiple for 2,500 volts. 

This plant baa been in successful operation for some time past, and the 
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analysis of the complete hydroelectric plant loBses given here may be 
considered close to average values. The curvea shown in F^. 104 give the 
efficiencies of the combined penstocks and the frictioa-head at varying 
velocities in second ft. The loss in these penstocks was computed from 
records taken by recording gages at the power house. The results so ob- 
tained were afterwards checked by computing the loss from the efficiency 
shown under each test, and agreed very closely with the records taken. 
Losses in the water wheels and generators were computed from haJf-bour 
wattmeter readings on the generators as recorded in the power station. 
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The input for each output throughout the year was computed from 
efficiencies of the teste, and may be taken from the curves given. The power 
used in excitation was computed from half-hour readings on the exciter 
outputs, and amounted to 1.3 per cent, of the output of the generators. 

The etep-up and step-down transformers were in circuit continuously 
to keep them in good condition. The core losses were found to be prac- 
tically constant for all loads. The copper loss was computed from the 
switchboard instrument readings and reduced to kilowatt-hour values and 
kilowatts, the latter giving an average value of 2.54 kw. per transformer; 
the total average loss being 130 kw. for nine units, and the all-day efficiency 
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96 per cent. For the e^t unita at the receivii^ station the average total 
loss was 105 kw., with an all-day efficiency of 96.6 per cent. 

For the year in which the above values were obtained, the following table 
gives the losses and efficiencies: 

TaBLK 11. — HyDROBLBCTBIC PI.ANT LOSSIIS AMD ElTIC»NCIB8. 













LoMDiPn 




All-Dxt 


iNrCTIHEv 


LomikEw. 


LonixPn 


Cb(T. or 


Farb or Bnnii 


EFncNor 


CAtiuob 


CATUiai 








ihPuCbnt 


Vauim) 


Valdm) 


VALaM 


Aou Vautm) 


PeoHtockB 


97,7 


6009 


130 


2.3 


2.3 




60.7 


S79S 


2277 


30.3 


37.9 


Generators 


B3.fi 


3fil8 


227 


6.S 


3.8 


E»;it«8 




76 


76 




1.3 


Step-up Transformers 


M.l 


3270 


129 


3.9 


2.1 




98.« 


3141 


43 


1.4 


0.7 


Step-down TransformerB 


96.6 


3098 


104 


3.4 


1.7 



The transmission line loss was computed from the constants of the lines 
and the load data. The line resistances were measured by direct currmt, 
using the fall of potential method, which checked very closely with the 
computed value. The induction and capacity were computed by the usual 
method, and the all-day efficiency was calculated by means of the simple 
regulation diagram for both lines operating in parallel. The average yearly 
line loes (taken for one particular year as referred to here), figured from the 
regulation diagram, using half-hour readings at the recdvii^ station for ■ 
load data, was 43 kw. and the all-day efficiency 98.6 per cent. 
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CHAPTER IV 
TRANSMISSION LINE CONSTRUCTION AND OPERATION 

Line Structures. — Various conductor supports are used on transmission 
systema throughout the couDtry including wood, steel and concrete poles 
and Bteel towers of various designs according to the required height and 
strength. The steel square base tower is largely used for main line high 
voltage lines with wood poles, patented steel poles and flexible steel towers 
used for circuits under 66,000 volts and for Isranch and distribution lines. 
Local conditions such as rightKif-way, contour and the nature of the service 
from the line largely determine the conductor support for the medium trana- 
missioD voltage. However, for lines of a permanent character, steel con- 
struction is fast becoming popular, since the cost per mile of the completed 
steel line compares favorably with that of wood. The merits of the steel 
pole in ite several available forms for light lines demand consideration in 
all sections. Spans of moderate length can be used where the sag will not 
be too great and often a single pole be made to take the place of three or 
four wooden poles. While it is true that the former will cost more than 
three or four wood poles, the cost of insulators, pins and ties and of their 
erection as well as the cost of pole erection will be reduced in proportion 
to the number of poles saved. Again troubles from insulator failure are 
reduced by the reduction in their number and the item of line maintenance 
is generally in favor of the steel pole. 

Construction Costs.— Comparative costs which may be accurate for a 
given set of conditions may give erroneous conclusions if applied elsewhere 
under conditions which differ widely. The following data is presented only 
as comparative and as rather typical construction. The infonnation in 
Tables 12 and 13 is abstracted from an estimate prepared by R. D. Coombs 
and Company {Electrical Engineering, January, 1916) and gives a com- 
parison between the cost of a short span wood pole line and a long span 
steel pole line. The line consisted of a ?^ in. steel ground wire, three 33,000 
volt No. 2 copper conductors and two No. 10 copper cIeuI telephone wires. 
For the wood pole conBtruction 35 ft. poles witH spans of 120 ft.— 44 poles 
per mile — were considered, using metal cross arms and pin type insulators. 
The line ran through rolling country and was fairiy easy of access for con- 
struction and inspection. 
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Table 12.— Coot of 33,000 Vow Wood Polb Line. 

Poks. — Pn Mils 

Poles 36 feet long, 7 inch tops at Sfi.OQ S220 

Cross anna, galvimised and teleohone brackets (S5 per mile) 172 

Pole steps and hardware at S0.75 per pol^ 33 

Framing and trimming at 0.60 per pole 22 

Creosotmg butts at 0.20 per pole 9 

am 

Hauling 44 

Dicing holes at S1.20 S53 

Bog shoes or braces 8 

Setting poles atSl.80 79 

$140 $140 

Guying 30 

Wires and Unt Material.— $670 

1 ground wire $54 
3 conductors 644 

2 telephone wires 50 

$648 

TieB and soldering materials ($5 per mile each) 10 

33000 V. insulators 66 

Tdephone insulators 5 

Pine SO 

Ground wire connections 16 

~ ■ ■ a 85 



Clearing and trimming 10 

Miscellaneous materiala and tools 15 

Right-of-way at $5.00 220 

Supervision^ eogineerinK and geaeral expense 100 

Contingencies and incidentals 30 

"$i;255 $1,255 
Total per mile of line $1,925 

Table 13.— Cost or 33,000 Volt Steel Pole Line. 
For the steel pole construction, 400 foot spans — 13 polee per mile — with S-disc suih 
pension insulators were considered. 

PoUt. — Pn Miu 

Poles and arms at $53.00 $698 

^ Hauling at $2.25 20 

Digging holes $1.50 20 

Concrete at comers (including crushed stone at $6 per mile) 46 

Erection at $2.25 29 

Guying 30 

Fainting 20 

Miscellaneous 7 

Wire* and Line MaUrial.— $870 

1 ground wire $54 
3 conductors 544 

2 telephone wires . 50 
Soldering materials 6 
Insulatora nod dampe (telephone insulators at $5 per mile) 142 
Strinnng wires 100 
MiscSlfmeous 15 

• $910 $910 

Clearing and trimmine 10 

Miscellaneous materiEue and tools 20 

Rights-of-way at S7.00 90 

Supervision^ engiaeering and general expense 100 

Contingencies fuid miscellaneous 30 

Total per mile of line $2,030 
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While the totals of Tables 12 and 13 show little difference in first coet 
between the two types of construction, maintenance and allowance for 
depreciation favor the steel line. 

Itemized costs for constructing two Ohio wood pole transmission lines, 
one insulated for 33,000 volts and the other for 13,200 volts, are given in 







Fig. 106. — Types of Tranamiaaon lioe Poles &nd Towere 

FoIm (a) ■od O) an lor Toltuss up to SO.OOO: <c). M). (e). (/) and (a) are diffennt typM at towsn 
for SCOOQ to 110,000 volu, wid W ■ Meel pole luilabla for «i(y bi(b Isnaioa circuit!. 

Table 14. The 33,000 volt line is single-circuit construction, three-phase, 
60 cycle, using No. 4 medium hard-drawn bare copper wire supported by 
45,000 volt Ohio brass insulators on Washington fir cross-arms attached 
to wooden poles averaging 35 ft. in height. Both wood and steel pins are 
used. Galvanized -^s in. Siemens-Martin stranded ground wire is supported 
on insulator brackete at the top of the poles and grounded every fifth pole. 
The data refer to only 20 miles of line running through rural territory in 
which pole rights had to be purchased and permission secured for cutting 
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trees 50 ft. on each side of the line. The maximum pole height is 55 ft., 
the normal pole spacing 135 ft. and the maximum spacing, 175 ft. 

The 13,200 volt line is S miles long, of the same construction as the 33,000 
line and identical in poles and conductors except being insulated for a 
lower voltage. The line is run on the highway, no pole rights being re- 
quired, but trees along the route needed considerable trimming. The 
33,000 volt line was run on a private right-of-way. 







33,000 Voi;r Lin 


13.300 Volt Uta 


te^S*"'-"" 


$41.40 
103.60 


»3.47 


Damages 


60.45 


"3.46 


BuyingpoleB 


2.22 




Inipe^pOla 


1.70 




CWning rightK^-wsy 


54.fi0 


1S0.OO 


PoleooeM 


201.00 


389,00 


Hauling poles 


7.«S 


Included in 
cost 
46.00 


Digging holes 


31.80 


Pruning polea 


8.25 


16.50 


Creoaotmi p«deB 
8ettiiig>3ee 


3.08 


1,97 


2S.2S 


72.70 


Crow-onDB (total) 


78.39 


64.13 


PiM (total) 


25.44 


6.10 


Insulatora (total) 


67.44 


34.98 


Ground-wire aupportt (total) 
Telephone Bupporta and innilaton 


17.36 


22.55 


6.12 


None 


Line hardware 


25.60 


23.40 


Anchora and guys (total) 


20.91 


37.00 


Conductors— three No. 4 copper: 






Material 


342.00 


261,00 • 


I^bor ctf stringing 


45.10 


46.40 


Ground wire (A SiemeQa-Martin) : 






Material 


57.50 


39,60 


Labor of stringing 


14.00 


15.00 


Ground rods 


6.0S 


4.27 


Telephone wire: 
Material 






20.60 


None 


Labor 


14.30 


None 


Camp expenses and meals 


83.22 


None 




134.22 


68.90 


General expense 


55.60 


184.35 


Total cost per mile 


$1,570.75 


tl,480.48 



Costs for Wood Pole and Tower Lines. — ^The data of the accompanying 
table show a comparison of the unit costs of building two Montana trans- 
mission lines which use the same size of line conductors and the same types 
of insulators, one line being of wood pole construction and the other of 
steel tower construction. Both lines operate at 100,000 volts, and were 
built under conditions which make them similar except in the use of sup- 
porting structures. The steel towers used are sii^^le circuit with horizontal 
croesarms. The wooden pole structures consist of two 45 ft. 8 in. cedar 
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poles supporting a single horizontal crosearm. The copper coets for the 
two lines have been reduced to tbe same base price, and the other data 
were taken from construction records. 



Table 16.— Unit Constiujction Cobib 


piR Mile foe Two 100,000 Vow Tranb- 




jInes Vatua No. Copper Conductoos 




Woot> PaiM LiHB 


Com P« Mil* 


Stml Towib Lihb 


ComPmMiLB 


Pole atructures 


1203.80 


Towere 


S616.38 


No. copper wire 


955.00 


No. copper wire 


956.00 


CrouDdlnre 


141.95 


Ground wire 


141.95 


Telephone line 


121.20 


Telephone line 
Inaulaton 


259.95 


239.50 


108.85 


CroeaamiB 


29.45 






Hardware 


28.75 






Line switches 


21.56 


Switches 


115.38 


Creosote treatment 


flO.60 






Qearing 


30.80 


Unloading 


• 14.23 


Hauling 


149.40 


Hauling 


181.33 


Di^png 


61.20 


Assen&g 


165.6S 


Framing 


40.20 


77.17 




43,80 


Setting 


31.90 


Strhkgmgwiie 


87.50 


Stnngingwire 


117.52 




21.38 


Guying 


46.24 




3.69 


Er^ting 


60.25 


Survey 


39.80 


Survey 


20.40 


Camp 


67.60 


Camp 


122.33 


ToolT 


14.62 


TooU 


28,71 


Roads 


.13 






Hospital, in}uriee and 








damages 


6.10 






Injuries during construc- 








tion 


.77 






General expense 


55.00 


General ejpense 

Total 


128.52 


Total 


S2,423.49 


13,189.76 



Labor Cost in Transmission Une CoustnKtion. — The following divisioa 
of costs is given by J. W. Fraser for the construction of a double circuit, 
100,000-volt tower line using No. 2/0 copper conductors and built under 
conditions that prevful in the Caroliuas. The spacing of towers was nine 
to the mile, eight suspension towers and one straiti tower. The cost of 
rightof-way is not included in the figures. 

Tabus 16. — Analtbis op Trahsuisbion Line Construction Costs 

PxB Ceht or TouL 

Ccamaotmov Itkm Con 

Towere 27 

Inaulatore 8 

ClainpB 1 

Ground wire 2 

Conductor (6 No. 00 copper) 42 

Labor 15 

Interest during construction 3 

Engineering, supervision, and surveying, general office expenses 2 
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Analtsib of L&bor Cosis tor Transihssion hum Construction 

Pu CiNT or Total 
IiABom Itkh Coar 

DigEing holes 23 

TTrniling and digtiibutiiig towetB 9 

AssembUng 8 

Erecting 14 

FiUiDjg inbolea 7 

TTaiilmg and diBtnbuting ingulators 8 

Hauling and diBtiibuting wire 6 

Stringing six conductors and one ground wire 25 



It is to be noted that by far the lu^est item is conductor, and that insu- 
lation is a comparatively small factor. It might be well to emphasize here 
that a small additional percentage cost of tower in comparison with total 
cost of line may add greatly to the factor of safety of the line. 

Conductors. — ^The metals used for transmission line conductors include 
copper, aluminum, copper-clad steel (copper and steel welded), mechanical 
combination of al uminu m and steel and to some extent steel alone. Copper 
and aluminum are used for power circuits, steel and copper-clad for ground 
wires and both copper and copper-clad for telephone lines. Steel and copper 
clad and to some extent steel core aluminum are used for long spans where 
hi^ mechanical strength is required. The most extensive use of the steel 
core aluminum cable is by the Pacific Light and Power Company on its 
Big Creek Une which is 240 miles long and operates at 150,000 volts. This 
cable is one inch outside diameter with a |f^ m. steel. core. The chief 
objection to aluminum is its relatively low tensile strength and high co- 
efficient of ^[panston which require very careful attention and exacting 
allowances for sag to avoid overstraining. A comparison of the various 
characteristics of aluminum and copper wire and the basis on which to 
compare prices are given in the accompanying table. 



Tablb 17. — CoupABisoN OF CoNDOCTrvm or Copper and 


A.i.nuiNVM Wm 


Conductivity of Aluminum 


63 


62 


61 


60 


Weight of aluminum (weight of copper of 
equal length and equal resistance equal 100) 

TensUe Strength— Factor by which to multi- 
ply tensile strength per square inch of alu- 
minum to obtain tensile strength per square 
inch required in a copper wire of equal re- 
sistance in order to secure same breaking 
strength 

Price—Factor by which to multiply copper 
price per pound to obtain equiv^ent price 

equivalent price of copper 
Price — Factor by which to divide copper price 
per pound to obtain equivalent price of alu- 
minum; also factor by which to multiply 

of COppWf 


154. 
46.S 

1.54. 
2.13 


166.5 
47.6 

156.5 
2.10 
.476 


159. 
48.3 

159. 
2.07 
.483 


161.7 
49.1 

161.7 
2-03 
.491 
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For transmission lines bard drawn copper should have a minimum 
ultimate tensile strength of 50,000 lb. per sq. in.; aluminum a minimum 
tensile strength of 23,000 lb. per sq. in.; 40 per cent, copper-clad steel 
100,000 lb. per sq. in.; and steel wire not less than 60,000 lb. per sq. in. 
All these metals are most used in cable form when larger than No. 6 
B. it 8. gage, since solid conductors for long spans tend to ciystallize at 
the points of support due to constant swin^ng in the wind. Solid wires 
are, however, used up to No. 00, which is about the practical limit. 

Tablb 18. — Phtsicai. Fbopebtixs or Tranbhibbion Link CoNDCcrcea 



Kdcd or UiTuui. 


Com 




COFTUCI^ 


St»l 














AsDMUd 


Hud 




30Pm" 


«>P« 


S-MlMin 


SVth 






















^"'li'Lb^h 


so-ioa 

.330 


8.94 
.323 


"Sl.7 


©" 


.r- 


8.7 


7^ 


'■i. 




















cukr-nul 


.O0303T 




jwoazo 




aoo28t 








Ki-iisar^,. 


M,000 


30-36.000 


iwoo-ieooo 






38,000 


60.000 


iiiboo 


■quuvioiih 
C«Ad*Dt of LiMU Ei- 


33-3i,0(» 


SO-07.000 


23ODO-A0O00 


ao,ooo 


lOO^XO 


76.000 


128,000 187,000 


^p«,A«i»t>a 


.0000171 


.0000171 




OOOOl! 


.000012 


0000118 






Co»ffidBnt of Udmt Et- 


















..^•f^^V*'^i„ 






.0000128 


0000067 




00000682 






Msltui Pout Id > C 


1100 
















MtltiD. Poin. in • r. 


aoia 


3012 


1218 






iuo 







Theae apecific&tiong have been taken from a report by a Bub-committee oo ov^^ 
head line construction d the National Electric i^t Association. 

Condactn: Sizu. — The size of conductor for a transmission line depends 
upon a variety of conditions such as the load to be transmitted, voltage 
used, allowable drop in voltage in transmis^on, on account of resistance 
and inductance of conductors and the distance over which energy is trans- 
mitted. Mechanical considerations are also important and include pole 
spacing and ground clearance over irregular country. A chart for calculat- 
ing conductor sizes and weights of metal is described on page 190 (Fig. 107). 

The best voltage for a system, as far as a transmission line is concerned, 
is the highest that can be economically produced. This is on account of 
the fact that the laws governing the alternating current circuit show that 
the higher the voltage, the smaller the current for a given amount of power. 
Thus a small current on the line means that the size of conductor can be 
reduced until the mechanical strength of the wire used is the controlling 
factor. The use of high voltages reduces the line drop, the losses in trans- 
mission, and gives better regulation than lower voltages, yet calls for greater 
expense both in cost of material and construction. The selection of voltage, 
therefore, is an engineering consideration largely controlled by particular 
conditions and engineering judgment. 

Spacing of Conductors. — ^The arrangement and spacing of conductors on 
poles and towers is influenced by the voltage, the length of the span, kind 
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of conductors and insulators used and the relative position of the conductorB. 
The beat distance is just that which will allow lines to whip in the wind 
without touching, and be sufBciently far apart at the suppoii» so as to 
prevent Qashing during line disturbances. The increase in spacing in- 
creases the inductive drop and also the line loss. There are no fixed rules 
for spacing of lines on transmission poles and towers, however, the accom- 
panying table shows average practice, in this regard. 



Tabui 19.— ^Tablz or Miniuum Ssfabation or Lura Condvctobs 






DIOT»H0«G 


tmhihIh 


•nm FOB Sun Lurarn 






























150 h. 


350 ft. 


360 ft. 


500 ft. 


650 rt. 


800 ft. 


Pin iDOTUrtoTB: 














Not exceeding 6,6 


24 


30 


36 


48 


60 


72 


Over 6,6 to 22.0 


32 


37 


42 


54 


65 


76 


" 22.0 to 44.0 


46 


50 


56 


64 


74 


82 


" 44.0 to 66.0 


68 


62 


66 


72 


82 


88 


" 66.0 to 88.0 


72 


74 


78 


84 


90 


96 


Not eiceeding 44.0 


48 


56 


62 


72 


86 


100 


Over 44.0 to 66.0 


66 


72 


77 


86 


98 


112 


" 66.0 to 88.0 


80 


86 


91 


102 


112 


125 


" 88.0 to 110.0 


63 


98 


104 


115 


124 


136 


" 110.0 to 140.0 


110 


114 


120 


127 


136 


148 


" 140.0 to 165.0 


120 


128 


132 


138 


147 


157 


Dirt, for vertical spacing. 


12 


15 


24 


24 


30 


30 



'Recommendationa of the Locke Inmilator Manufacturing Company. 

The amoimt of copper called for by any line depends upon the volta^, 
it beii^ the general law that the amount of copper varies inversely as the 
square of the voltage; that is, if the voltage is doubled, the size of wire 
may be only one-quarter as great, all other conditions remaining the same. 
In calculating the size of conductors, it is poor policy to use a larger con- 
ductor than is absolutely required. The rule governing this is known as 
Kelvin's Law, and as usually used is stated as follows: "The most econo- 
mical area of conductor is that for which the annual cost of the energy wasted 
is equal to the interest on that portion of the capital outlay which can be 
considered proportional to the weight of the metal used." (See discussion 
of Kelvin's Law, page 273.) 

While copper and aluminum are the chief metals used for transmission 
of power, steel wire or conductors with steel center and copper or aluminum 
outside is used where great mechanical strength is required as in long 
transmission line spans or where diameter Is essential to prevent corona 
formation. In the use of any metal for wires and cables, the elastic limit 
must not be exceeded by the we%ht of the wire between spans and the 
probable wind and sleet pressure. This condition is met in some cases by 
a factor of safety of two based upon the metal's ultimate strength. 

The overhead line committee of the National Electric light Association 
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reconuoeoda the consideration of the following loads when designing lines: 
1. — No ice and wind pressure of 15 pounds per square foot, 2. — Ice }-^ inch 
thick, and a wind pressure of 8 pounds per square foot. 3. — Ice % inch thick 
and a wind pressure of 11 pounds per square foot. The No. 2 loading gives 
greater stress than No. 1, and is best for use in most localities where ice 
formation is not a serious problem. 



Tablk 20. — Data fob Bare Coppkb and ALmamni Cabi.k of Same Condocttvitt 



BAB Oin M CiBC. Mii«. 


Aftwis. DlAU. 

ihIncbw 


NuuBuor 
Btbutob 


iSfij 


WbobkLb. 
PdIOOOPt. 


"teffi' 


01% 


Copp.r 


Alum 


Capper 


Aluo. 


Copper 


Alum 


2,000,000 
1,900,000 
1,800,000 




1.631 
1,590 
1,648 




127 
127 
127 




0.00539 
.00568 
,00599 


6,180 
5,870 
5,660 




1,700,000 
1,600,000 
1,500,000 




1.604 
1,459 
1.412 




127 
127 
91 




.00634 
.00674 
.00719 


5,250 
4,940 
4,630 




1,400,000 
1,300,000 
1,200,000 




1.364 
1.315 
1,263 




91 
91 
91 




.00770 
.00830 
.00899 


4.320 
4.010 
3,710 




1,100,000 
1,000,000 
950,000 


1,590,000 
1,515,000 


1.209 
1.152 
1.123 


1,437 
1,406 


91 
61 
61 


61 
61 


.00981 
.0108 
.0114 


3,400 
3,090 
2,930 


1,462 
1,393 


B00.OOO 
850,000 
800,000 


1,431,000 
1,351,500 

1,272,000 


1.093 
1,062 
1,031 


1.359 
1.328 
1.281 


61 
61 
61 


61 
61 
61 


.0120 
.0127 
.0135 


2,780 
2,620 
2,470 


1,317 
1,243 
1,171 


750,000 
700,000 
650,000 


1,192,500 
1,113,000 
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As BO example of transmiBsion line construction typical of advanced 
tendencies in deragn and operation, it is of interest to review the notable 
features of the world's longest (241 miles) and highest voltage (150,000 
polts) transmission line. In the first place, the system is in complete dupli- 
cate, consisting of two steel-tower lines, erected 80 ft. apart, each carrying 
a dngle three-phase circuit, the wires of which are supported in a angle 
horizontal plane, each by nine disc insulators in series. The towers used 
are of very moderate height, only 43 ft. to the cross-arm from which the 
suspension insulators are carried, and are placed also at moderate intervals, 
being on the average 660 ft. apart. The line conductors are carried rather 
low, as little as 25 ft. in the center of the spans, a height which would seem 
precariously low in a more thickly settled coimtry. The general nature of 
the structure, however, is such as to give unusual stability to the Une, and 
since jrhe circuits are on a private right-of-way 150 ft. wide, the lack of 
height may be justifiable. The spacing between conductors is at the record 
distance of 17.5 ft,, and wherever necessary the conductors have a tension 
mooring to the structure through a strii^ of nine insulators to check lateral 
swaying of the conductors. It is also of interest to note a disregard of in- 
duction due to wide spacing in the construction of this line. In fact, added 
inductance is rather a good thing in view of the unavoidable capacity effects 
on such a line. The conductors themselves are of unusual raze and character, 
being aJuminum cable laid over a stranded steel core. The over-all diameter 
of the cable is 0.95 in. and the weight about 2 tons per mile. Each tower 
line carries on its top a galvanized-steel cable serving as an earthed wire 
in accordance with the general practice to which reference has been made. 

Graphical Solution of Transmission line Problems.— The analytical 
solution of transmission line problems is a tedious operation, and various 
graphical methods have been devised to facilitate the solution and mini- 
mize as far as possible the time and labor required. These methods are 
based, primarily, on the factor of voltage drop, or regulation, but do not, 
in most cases, take into account the charging current of the line and their 
use is, therefore, limited to relatively short lines of moderate voltage where 
the condenser effect of the circuit may be neglected. As solutions of the 
problem in the form in which it generally occues in practice they are indi- 
rect, requiring the assumption of the size of wire in advance, and from one 
to several trials, before the correct size is found, or else a conversion of the 
problem into terras of a single-phase equivalent. In all cases, more or less 
supplementary calculation is required, the graphical solution being only a 
partial one. 

A method by H. B. Dwight,"published in the Electrical World of January 
16, 1915, however, gives a direct solution based on voltage drop for the 
problem in either form, i. e., it is possible to find the size of conductor with a 
ffven voltage drop or conversely to determine the r^ulation when the size 
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of wire is given. By means of a simple correction factor the capacity effect 
ia allowed for and the range of the chart is extended to lines up to 100 
miles in len(^, with a close accuracy. 

With the increasing use of Bynchronous condensers for the control and 
r^!;ulation of voltage drop independently of the size of conductor, the in- 
herent regulation characteristics of the line become of relatively less 
importance in the design of present-day systems. This factor, as affecting 
the choice of conductors, is wholly eliminated in the case of constant voltage 
transmission systems, in which the voltage may be maintained not only 
constant but equal at the generator and receiver ends of the line. In these 
cases the allowable limit of enei^ loss becomes the sole criterion in deter- 
mining the size of conductor unless, where the smaller sizes of wire are 
called for, corona effect or the limiting size for mechanical strength may 
require consideration. 

One of the most recent and convenient graphical solutions of the formula 
commonly used for the total weight of conductor in a three-phase trans- 
mission circuit has been devised by T. A. Wilkiason of Westingbouse 
Church, Kerr and Company. By coiirtesy of the author a chart and a dis- 
cussion of it are presented here taken from the Eledriedl World, August 12, 
1916. The chart shown is based upon the allowable limit of energy loss in 
per cent, of the power delivered. The formula is 



where W is total weight of conductor; P is power delivered; I is trans- 
misuon distance; p is energy loss in line, in per cent, of power delivered; 
Y is receiver line voltage; F is load power factor; K is a constant, depend- 
ii^ on the system of transmission, conductor material and units used. 

For a three-phase system with copper conductors, and the units shown on 
the chart scales, the constant is 262,500, and the formula becomes 
Total weight of copper (thousand pounds) 

_^ 262,500XkilowattsX (miles)' 

per cent, energy lossX (volts) *X (power factor)** 

Use of the Chart. — The method of using the chart is indicated by the 
solution of the following problem: What is the size and total weight of 
wire for a three-phase copper circuit to deliver 16,000 kw. a distance of 
50 miles at 60,000 volts, with a line loss of 10 per cent, of the delivered 
power, the power factor of the load being 0.85? 

Beginning at A (50 miles), follow the course of the broken line succes- 
sively through the points B, C, D, E, F, 0, representing the above given 
values of the different quantities and two intermediate reference points. 
At H, verUcally above on the lower w^ght scale, will be read the total 
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w^ght d copper required, namely, 400,000 lb. Continuing vertically up- 
ward to an intersection at J, with the horizontal une at 50 miles, the eiae of 
wire, 3/0, will be read on the diagonal through J. . Should the point J 
fall between the two diagonals, the point should be shifted to the right or 
left to intersect the next larger or smaller size, as may be desired. The 
point H will be shifted correspondingly, and the weight of conductor for 
the gage sise chosen will be read vertically below the new position of J. 

Due to the convenient practical ration existing between the sizes of 
copper and aluminum conductors of equal conductivity, the use of the chart 
is extended in a very simple way to include aluminum conductors. The 
relative conductivities of commercial copper and aluminum for equal cross- 
section are approximately as 97:61, or as 1.59:1. This is the ratio of cross- 
section and conductivity between copper wires two gage sizes apart. The 
equivalent of a copper conductor of a given size, therefore, is an aluminum 
wire two sizes larger. Each diagonal may thus represent either a copper . 
conductor or an aluminum conductor of equivalent size. The corresponding 
ffizes of copper and aluminum are. indicated on the diagonals. While for 
practical reasons the above relation is assumed in tiie construction of the 
chart, it should be stated that the copper wire scale is based, as is more 
fully noted below, on a conductivity of 100 per cent. The assumed relation 
in size is therefore only strictly true for aluminum of a conductivity of 
100-^ 1.59= 63 per cent., or 3 per cent, higher than that of commercial hard- 
drawn aluminum. As the difference in cross-section and we^t of consecu- 
tive gage sizes of wire is 26 per cent., this small difference can have no effect 
on the choice as between one g^e size and another. 

The relative weights of a copper conductor and an aluminum conductor 
two gE^ sizes laiger are as 100 to 48, and the total weights for equivalent 
aluminum conductors are given on the upper weight scale, the value at any 
point on the aluminum scale being 48 per cent, of the corresponding point 
on the copper scale. In the example used the size of the equivalent alumi- 
num conductor is 267,000 circ. mil., and its weight, read at K on the upper 
scale, is 195,000 lb. The exact weights of copper and aluminum based on 
the formula are 403,700 lb. and 193,800 lb. respectively. 

Range of Chart. — While the chart is intended primarily to cover the 
range of high tension transmission line practice, the range can be extended 
very simply to cover lines of any length or voltage beyond the range shown 
on the scales. This will be clear from the following considerations. 

By reference to the formula it will be noted that the total weight of con- 
ductor is proportional to the quantity — rr^, or inverting the fraction, the 

weight is inversely proportional to (volts per mile)*. Any combination of 
line voltage and miles, therefore, in the same ratio as the actual case will 
require the same total weight of conductor. All that is necessary, thra«- 
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fore, in the case of a short Une is to multiply the volte and miles by a number 
that will bring the problem within the range of values on the chart. Simple 
multiples of two, five or ten will meet practically all cases. 

In finding the size of conductor corresponding to the weight determined 
as above, it will be noted that the weight as determined is for a Une l/N 
times as long as the multiplied value, where N is the multiplier used. This 
is equivalent to saying that for a line of the multiplied length the we^t 
will be JV times the weight found. By multiplying the actual weight, there- 
fore, by N, and locating this value on the scale, the size of conductor will 
be found vertically above it at the intersection with the horizontal Une 
for the multiphed length of line. To illustrate, assume the following con- 
ditions where, in order to avoid confusion, only the distance and voltage 
are changed from the first example: 

TrMiBmiasion distance 15 milee 

Voltage delivered 18,000 

Energy loss, per cent. 10 

Power factor of load .85 

Kibvatta deUvered 16,000 

To find the weight and size of copper required, by using a multiple of 
two with the derived values of miles and voltage, 30 miles and 36,000 volts 
respectively, proceed as in the original example. The new point B will be 
at the same vertical height as before (this height representing volts per mile) 
and the line B, C, D, E, F, G, H will coincide with the original problem, 
the weight of copper being 400,000 lb. as before. This is now the actual 
weight for a line 15 miles long. Multiplying by two we get a derived weight 
of 800,000 lb. (point L). At M vertically above L on the horizontal line 
at 30 miles the ^e of conductor is found to be about 550,000 circ. mil. 

By means of the chart any one of the quantities involved, other than the 
length of line, can be found if the remaining quantities are known. For 
instance, referring to the first example given, assume that the problem had 
been to find the per cent, energy loss in a three-phase 3/0 copper circuit 
50 miles long, delivering 16,000 kw. at 60,000 volts, with a load power 
factor of 0.S5. B^nnii^ at A, follow the broken line to B, which defines 
the portion of a line horizontally to the right. Be^nuing at /, follow the 
broken line in a reverse direction through G, F, E, D, thence diagonally 
upward to an intersection with the horizontal from B. The intersection of 
these lines will be at the point corresponding to the per cent, energy loss, 
in this case, of course, at C, 10 per cent. 

Single and Two-phase Solutions. — Problems in single-phase and two- 
phase transmission can be readily solved. For equal energy loss, under the 
same conditions of voltage and power delivered, a single-phase circuit will 
carry one-half the power, and a two-phase circuit will carry the same 
amount of power as a three-phase circuit having the same size of wire. 
To find the size of wire for a single-phase line, therefore, proceed as if for a 
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three-phase circuit carrying twice the power. As there are only two wires, 
however, instead of three, the weight found by the chart must be reduced 
by one-third. To calculate a two-phase circuit, find the size of wire, for a 
three-phase line of equal capacity, and to the correspondii^ we^t add 
one-third to allow for the fourth wire. 

The necessary adjustments of weights described above for the solution 
oi the special cases can very conveniently be performed graphically. To 
multiply the weight found for short lines by the factor N, simply measure 
to the right of the point H a distance equal to that between the scale value 
100 and the values 200, 500 or 1000, according to whether the factor N 
is 2, 5 or 10, etc. This will give the point L, above which will be read the 
siae of wire at M. To correct the weight value for a single-rphase circuit 
measure to the left of the point H, as found for the three-phase circuit, the 
distance between the scale values 300 and 200. To correct for two-phase 
circuits measure to the right of H, a distance between the scale values 300 
and 400. These adjustments, which reduce the ori^o^ weight in the pro- 
portion of three to two and increase it in the proportion of three to four 
respectively, are amply the familiaj processes of multiphcation and diviaon 
by the graphical addition and subtraction of logarithmic values. 

Calculations for the copper weight scale are for soUd wire throughout, 
and are based on the international annealed copper standard at 20 deg. C. 
This standard is defined and very complete wire tables based thereon are 
given in Circular No. 31 of the U. S. Bureau of Standards (October, 1914, 
edition). From this standard ba;^ a single percentage correction can most 
conveniently be made to incorporate all of the allowances required for other 
conditions of temperatm^ and conductivity, strandii^, sag, etc., to meet 
any particular case. This correction can be made graphically in the same 
manner as described above by measurements from the reference point 100 
on the weight scale. 

Vaiiatiim oi l^e Power Loss and I*R. — It should be noted that the 
chart is based on the load current PR losses in the conductor, and is exact 
throughout its range for these losses only. The true power loss, as calcu- 
lated by the hyperbolic theory of transmission lines, and which includes 
the dielectric losses, is governed by the reactive conditions of the circuit. 
It may be more or less than the load current PR loss, the departure from 
equality depending on the length of line, frequency, power factor and cur- 
rent, and being greatest with long lines, high frequency, low power factor 
and small currents. 

As the chart is intended primarily to facilitate the determination of con- 
ductor sizes, and this determination will be based, In most cases, on full 
load conditions, the ratio between the two losses at light loads is of minor 
importance. Also, with long lines means of regulation will be used to 
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avoid low power factors. These conditions all favor the accuracy of the 
chart for its main purpose. Where precise results are deared and analyti- 
cal calculation is necessary, its use will eliminate a good deal of waste effort, 
since all possible conditions can be quickly covered and the range for exact 
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analysis much restricted. The limiting values of the ratio of true loss to 
PR loss within the extreme range of conditions covered by the chart and 
commercial frequencies, we shown in Table 20a for a 200-mile circuit of 
500,000 cm. copper, under various conditions of power factor, frequency 
and PR loss. For all ordinary cases the ratios will be much closer to unity. 

CoHDCCTOR Sao and Stress Dstebuinations 

The chart* shown in Ffg. 108 was devised by Percy H. Thomas. It gives 

to three scales the relations between sags and lengths of conductor and the 

stresses in the conductor at the point of support for a 1 ft. span when the 

conductor has a total weight of 1 lb. per foot. The quantities of sag, lei^th 
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t Sag meaaured from higher point o( support where a difference exists. 

* Tie chart is reproduced from a. paper in the TranwcHoiu of the American Institute of 
Electrical Ennneers, Vol. XXX, entitled "Sag Calculations for Suspended Wires,' 
by Mr. Percy H, Thomaa. 
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Tabu 22. 


— Apfrojomatb Phtsicai. CoNSTANra 




Mor^LU. 


CocmciBNT 


Copper, hard-drawn 

Aluminum 

Steel (Siemens-Mftrtin) 


19,000,000 
9,000,000 
29,000,000 


0.0000095 
0.0000128 
0.0000066 



and stress m this 1 ft. span are directly proportionate to the eame quantities 
in any actual span of similar shape. The curves on the chart are calculated 
by the true catenary formula and may be used for obtaining numerical 
values for actual spans. 

Given, The loacMng of conductor per foot, W. 

Length of span, X. 

8tres8 to be used at support, <S. 

(1) To determine the sag in adual span, D: Find stress ordinate, 8, on 

sag curve on chart, s= =^, and read sag as abscissa; this gives the sag, 
d, for unit span. Actual sag, D = dX. 

(2) To determine the length of actual conductor, L: Find abscissa on length 
curve corresponding to the ordinate3=^^ as above; this ^ves the length 
I, in the unit span. Actual length, L = IX. 

(3) When length, L, or sag, D, is given, the other corresponding quanti- 
ties, stress, S, or sag, D, may be found by reversii^ the above process. 

Effect of Ice and Wind. — Assume that the following items are given : 
Resultant force on conductor per foot with ice and wind pressure, Wi. 
Length of span, X. 
Stress to be used at support, S. 

(4) Determine length, k, in unit span from lei^th curve on chart as under 

(2) above. The length unstressed, t,, will be lc= — ^~=^(l~Jiw) 

very closely. Mark this value on chart on axis of X. Assume now 
that the ice and wind are removed. To determine the sf^; and stress on 
the same actual conductor in the new condition, draw a line upward 
and to the right from the point on the axis of X just determined, to 
represent the curve of stretch of the conductor with varying stresses. To 
draw this line proceed as follows: Since divisor W, used for reducing stresses 
m the actual spans to the stress, s, in the similar 1 ft. span, as shown on the 
chart, is reduced by some definite factor R by the removal of ice and wind 
the stresses in the actual conductor represented by a ffvea point on the chart 
will be less under the no ice and wind condition by the factor R. Now, 
the stretch on the chart at any stress ordinate, 8, under the no ice condition 
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meaeured on the chart will be ■j-rj. When this stretch is added to the 
length It one new point on the stretch curve has been calculated and when 
taken with the point, U, just marked on the axis of X, it will enable the line 
of stretch to be drawn as a straight line on the face of the chart. Where 
this stretch line cuts the length curve is the actual length that will be as- 
sumed in the chart on the removal of ice and wind. From this length the 
quantities sag and stress in the actual span can be readily obtained as 
specified under heading (3). 

If it so happens that, in attempting to draw the stretch line, the length 
of unstressed conductor, fa, is less than 1 ft. and hence falls off the chart, 
the stretch curve may be obtained by calculating two points on this curve 
as above, so selected as to fall conveniently on the chart. The straight 
line through these two points will constitute the stretch line. 

The effect of any intermediate condition of loading can be similarly ob- 
tained by starting with the unstressed length, U, and the desired value of 
the loading, W. 

Effect of Temperature. — Having given the unstressed length, U, as de- 
termined above, for any given temperature, and assuming the loading to 
remain constant, to get the conditions for another temperature it is neces- 
sary only to detennine a new unstressed length for any other desired tem- 
perature (by adding the calculated expansion for the change in the tem- 
perature) and to draw a new stretch line for this new temperature parallel 
to the first. 

Where a range of temperature is to be studied it is very convenient to 
draw on the face of the chart a number of equally spaced parallel lines 
through a series of unstressed lei^h abscissas corresponding to equfd 
increments of temperature. 

Unequal Heights of Supports. — If the supports at the ends of the spans 
have unequal heights, assume that the distance from the higher support 
to the lowest point of the span represents one-half the length of an equiva- 
lent symmetrical span. The distance from the higher support to the 

lowest point is ^i = "9 + yW ^'^^'^ ^ "^ *^^ difference in heights of 

the supports in feet and S the stress in the conductor. Where the sag, D, 

VD 
is given, the formula is ii = X ■ ^. The length of the equivalent 

span is 2 Xi, and the calculation of stresses, sags, lengths, etc., can then 
be made as before. 

Sags and Stresses in Aluminum Conductor Spans. — The chart shown in 
Fig; 109 for determining the stresses and deflections in aluminum conductor 
spans was devised by Ute British Aluminum Company, Limited, of London, 
England. It is based upon the laws of the elastic catenary, assuming that 
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aluminum has a modulus of elasticity equal to 9,000,000 lb. per square 
inch, a. coefficient of linear expansion of 0.0000130 per 1 deg. Fahr. and a 
weight of 1.175 lb. for a bar 1 ft. long and 1 sq. in. cross-section. The use of 
the chart, shown in the accompanying figure, may be explained by means 
of the following concrete examples: 

Assuming constant temperature, the intercept of the ordinate correspond- 
ing to a given length of span with the curve of desired stress (pounds per 
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1.41 
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1.36 
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1.09 
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square inch) lies also on the curve of correspondii^ sag or deflection. For 
example, taking a span of 700 ft. and a unit stress of 10,000 lb. per square 
inch the intercept lies on the curve which corresponds to a sag of 7.2 ft. 
Temperature effects are easily cared for by increasing the vertical ordinate, 
in case of a rise of temperature, one division for each 10 deg. Fahr. If a 
rise of 70 deg. Fahr. is assumed in the last example, the sag becomes 11.8 
ft. and the tension 6100 lb. per square inch. 

Wind pressures are taken into account by means of a factor q, which is 
the ratio of the total load per linear foot to the weight of conductor per foot. 
If p is the effective wind load per linear foot and w is the weight per foot, 



The manufacturer employs a reduction factor of 0.6 in. computing the 
wind pressure on a cylindrical surface from a known or assumed pressure 
on a normal flat surface of the same projected area. Employing the formula 
just given and the reduction factor of 0.6, the values of q have been com- 
puted, as shown in the accompanying table. 

Taking again the example first given and assuming a normal wind pres- 
sure of 30 lb. per square foot on a conductor having a cross-section of 0.6 
sq. in., the procedure is first to find the value of q from the table, which is 
■2.33, and then multiply this factor by the span length, which gives 700X 
2.33 = 1631. Next take this product, 1631, as the new span length and 
proceed as before. The new sag is found to be 39 ft., but this value must 
be divided by the factor 2.33, which gives 16.7 ft. as the correct deflection 
imder the assumed conditions of wind loading, with a unit stress of 10,000 
lb. per square inch. 

The deflection which the span in the last example will assume in still air 
can be found by following the horizontal line through the point just deter- 
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mined until it intercepts the ordinate corresponding to the true span of 700 
ft., which gives a sag of 13.6 ft. and a stress of 5,300 lb. per square inch. 
Charts similar to this one for aluminum can be constructed from the theory 
of the elastic catenary for any other conductor material, such as copper, 
steel or bronze. 

TranBmls^on Line Iiuulators. — Power companies are b^inning to realize 
that the insulator is perhaps the most important item of a modem trans- 
mission line, for upon it depends the reliability of the company's service 
to its customers. For transmission purposes at this time, porcelain insula- 
tors can be classified as one piece, multi-part pin types and suspension 
types. The one piece insulator is used geoerally for voltages up to 20,000 
volte. The multi-part insulator can be used to 80,000 volte, while beyond 
this voltage the suspension types have taken the place of multi-part pin 
types. 

In the beginniug, the modem high-tension insulator was a petticoat 
insulator of the same cyhndrical form as low voltt^ telephone and tele- 
graph insulators used, but slightly larger in dimension. Surface insulation 
was considered the vital point and the designs were made accordingly. 
Later developmente brought about the incline of the petticoat outward, 
getting same further away from the bolt and keeping the inner surface dry. 
The weight and complications of manufacture in this r^ard thus brought 
about the multi-part insulators cemented together. 

In the selection of an insulator of the pin type to operate under certain 
pressures, consideration must be given to the mechanical features involved, 
and also the internal electrical conditions of the system; the climatic con- 
ditions, such as long rainy seasons, salt storms, io^, dust, lightnii^ storms, 
etc. Experience has taught the transmission line engineer some undesirable 
features of an insulator, yet it has required long and careful work on the 
part of manufacturers to develop economical and efficient designs, and it is 
usually best to specify performance, and have the manufacturer furnish 
insulators to meet conditions of service to be rendered. The specifications 
for multi-part insulators usually itemize the t«ste for performance and in 
some cases specify in detail the msimer in which they are to be applied. 
For dry flash-over as a rule 2J^ to 3 times the rated line voltage is specified. 
And for the wet flash-over IJ^ to 2 times the rated hne voltage. A puncture 
test of usually 75 per cent, of the full rated line voltage, applied to the dif- 
ferent shells separately before assembling. Very often, too much attention 
is given the wet flash-over test values that are obtained on insulators, and 
too little attention paid to dielectric strength and surface resistance to meet 
line conditions. Further data are given imder the heading, " Puncture 
and Flash over Ratio for Insulators." 

Suspensitm Lisulabns. — ^A great number of different designs of suspen- 
sion type insulators are offered by manufacturers, but in general two types 
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have been widely used. The interlinking type and the one piece disc type 
with a metal cap and center pin cemented to insulators. The first design 
has the advantage that in case the insulator breaks the wires will hold the 
other units together, and in good many cases prevent a shut down, but 
against this there is the possibility of their breaking from constant rubbing 
in the holes. In the one type the insulator is in tension, while the inter- 
linking type is in compression. In general the principles of design of pin 
insulators are applicable to the suspension insulator, since the latter may 
be considered a modification of the former. In the early designs of suspen- 
sion units, a disc type without petticoats was employed, but the latter 
designs make use of concentric circular ribs or petticoats on the under 



Fig. 111. — Types of I^ InmiUtors for Tranamiaion lioe 
VoltueB around 22,000, 35,000, 45,000, and 75,000 Volte 
(R. 'Tnotnaa and Sana Company) 



surface. The addition of the petticoat raises the sparking voltage 35 per 
cent, and at the same time increases the surface resistance of the insulator 
in wet weather. 

Suspension insulators have a smaller capacity than the multi-part insu- 
lator, this capacity diminishing as each unit is added, but increasing for 
the large sizes of multi-part for h^her hne pressures. However, a wide 
multi-part insulator gives better rain protections than the narrower but 
larger suspension group, yet the number of dry surfaces of the latter pves 
a smaller surface leakage loss. 

Glass Insulators. — The following information on glass insulators for high 
tension work is abstracted from a paper read at a meeting of the American 
Institute of Electrical Engineers: 

"Glass was the first material to be used for insulators on transmission 
lines in the United States, and it has shared with porcelain, this application. 
Id France glass is extensively used for transmission lines, we understand, 
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up to 100,000 volts, while in Italy many power lines are similarly equipped, 
lliere ore 5,000,000 glass insulatots giving good satisfaction over high 
tension lines today in the United States. 
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"Hie probl^DB involved in design and in manufacturing are those of 
material and of construction. Fundamentally, glass is superior because, 
being of homogeneous character and a single material, the entire body of 
the glass acts uniformly as the insulating medium, whereas in porcelain 
the glase appears to be the main factor of insulation resistance and differs 
in composition from the body of the substance which is far inferior to glass 
in this respect. Now, when it is recalled that this giaze may be but a thou- 
sandth of an inch or so in thickness, it is obvious that any imperfections or 
unevenness in its texture are sure to be fraught with danger. This is further 
emphasized by recent improvements in glass manufacture which result 
today in a material, imiform in character, of greater strength and specific 
gravity, where increased mechanical efficiency and strength are combined 
with the desired insulating properties. This improvement has followed 
technical developments in glass making just as in steel and other industries, 
and is due primarily to a better understanding of the chemical and physical 
questions involved." 
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The arc-over voltagee ^ven above are for insulatora without horns. Wet a. 

voltages are given for vertical strings. For boriiontal, or strain, position the voltages 
are approximately 10 per cent, leas. 



" Unfortunately, glass manufacturers in the United States have failed to 
realise adequately the availabihty of their product for high tension work. 
In the first place, for the new and unusual shapes required, they at first 
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demanded prices that, if not prohibitive, plainly su^eeted large'profita. 
Secondly, the manufacturers failed to consider sufficiently the electrical 
aide of the problem and did not show a progressive spirit in arranging test- 
ing plants and methods of test and experiment. Furthermore, such con- 
cerns as have developed improved methods of manufacture, have failed to 
publish the results of their improvements so that to many engineers, the 
merits and relative economy of glass as compared with other materials, 
have never been made apparent. For these reasons chiefly, porcelain has 




Fig. 112b.— SuspenaJon InBulatore for 80,000 to 110,000 Volta (R. Thomas and Sona 

Company) 

The innilmtor ibown bX ths left lor 80,000 volU hu been lued oa the iretemi of the AUbuni Power 

Company aod theCiuoliiw Licbt uid Power Company. The insuUtor'showii at tlwriiht for 110,000 volt* 

hu been uwd on line* of (he Southero Power Compuiy wid (hOM of the Geor^ Rulwfty and Power 

Company. 

achieved a position in this field which modem glass insulators are now in a 
position to dispute. 

" In the same way that the different problems of a high tension insulator 
were solved in porcelain by the suspension insulator, so similar designs have 
been developed for glass which are now gaining wide vogue. It will be re- 
membered that a porcelain pin insulator required for a 100,000 volt transmis- 
sion line could be built only of such size and form as to cost, in the average 
case, a prohibitive amount, but that by combining a number of insulators 
by cementing to malleable iron fittings and suspending the cable, high ten- 
sion insulators of such capacity can be secured at a coat of about five or 
six dollars. 

"Likewise in glass units, the suspension insulator is being developed 
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for hi{^ tension lines and tjipes now in use meet all conditions in a mo9t 
satisfactory manner and often more advantageously than porcelain. In- 
Btead of making the glass about three inches thick, as has to be done with 
a pin type insulator where stresses are almost unavoidable, the same result 
can be secured with glass ^ of an inch thick. This permits of perfect 
annealing and the development of a glass with practically the same strength 
as porcelain. In such discs comigationa of the necessary shape can be 
molded BO that the cement holding the various segments together will have 
a firm hold and afford an insulator of equal strength to a solid piece." 

Today these composite insulators oi glass and material called "Boro- 
Silica" have been developed to a point that suspension insulators are supplied 
for comparative tests with those of porcelain, irrespective of the voltage 
for which the line is to be used. For long disttmce telephone communica- 
tions, comparative tests have been made of glass insulators and those of 
other materials along parallel lines, and the practical results as shown in 
more distinct conversation, have coincided with the reports from the testing 
laboratory, while the power lines on the Pacific Coast where glass has been 
used return satisfactory reports. One objection to glass insulators has 
been that they could only be used with wooden pins. The more perfectly 
annealed glass insulators have been used with iron pins dipped in pitch 
and stand up as well as the porcelain* Another objection has been that 
internal stresses are caused in the piece due to poor annealing. This has 
been eliminated by a flash-over test of say flve minutes and by the more 
perfect methods of annealing. 

limits of Hn T^pe Insulators. — An important reason for uaii^ suspenrabn 
insulators is the matter of cost. It is entirely possible to build porcelain 
insulators of the pin type in standard design of sufficient size to operate 
successfully at any volt^e, but the extreme height and diameter of a pin 
type insulator for, say, 100,000 volts make the cost prohibitive. Suspen- 
sion insulators are usually made up on the unit plan, making it possible to 
increase the effective insulation whenever it is desired to raise the line 
voltage or whenever it is found necessary to increase the leakage surface 
of the insulators in districts where salt fogs or dust deposits from factories 
are encountered. Many lines start operation at a lower voltage than will 
be eventually used because the initial load is light and the potential in- 
creased when the r^ulation demands it. If the pin type of insulator is 
considered at the start in such a case, there is no choice but to install the 
size of insulator that will be ultimately required. Again in the pin type of 
design, the nearness of the line wire and pin must always prove a weak 
point for lightning as well as any surging or other line disturbances. The 
suspension type of insulator gets around both these troubles by the wide 
separation of the conductors and supporting structure. Again when the 
suspension type is used on towers, the position of the conductor Maw the 
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croBB-anu permits the tower to act as a lightning rod, and relieve the line 
from much lightning stress. 

Insulators are a source of much line trouble and in the matter of breakage 
the unit suspenaion type has a positive advant^^. When a pin type insu- 
lator become cracked the whole insulator is worthies so far as its electrical 
properties go, and must be removed at once or it may cause a shut-down 
during t^e first rain storm. The breaking or cracking of one of the units 
of a suspension unit type insulator takes away but one unit of the series. 
Thus, in a fiv&-unit design for 100,000 volts, the breaking of one unit 
reduces the insulatii^ value only 20 per cent. The suspension insulator 
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Fig. 113. — Comparative Insulator Coeta (Locke loBulator Mfg. Company) 

For pin typB Idnlaton the ocbU inchidB tie win and lan and for the nupenuan type the iiiiim iiiii al- 
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twOflteoB niapen^oa iniulaton. The minimiun «wta npneent okaer miulator ntinc. wood pia*. etA 

requires a higher tower and pole for the same wire clearance than when 
using the pin type design, for the conductor is below the cross-arm and a 
longer cross-arm is also required to allow for the swing of insulators and 
wires in the wind. 

On account of these features, a construction dealing with voltages above 
50,000 is now considered about the dividing line between pin type and sus- 
pension tjrpe insulators, with a suspension type often used on lower volt- 
ages where there is the possibility of increasing the voltage of the line in 
the future, as already mentioned. 

Insulator Costs. — ^The curves of Fig. 113 show the relative approximate 
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cost per insulator of the pin and auspen^on types. The maximum costs 
represent liberal safety factors, such as steel pins, liberal pin type insulator 
rating, substantial clamps, attachments and two-piece suspension insulators. 
The minimum costs are for close insulator ratings, wood pins and the like. 
Inasmuch as the insulator is one of the important factors in uninterrupted 
service and line maintenance, and represents a relatively small part of line 
cost, it is essential that liberal design be allowed in its selection. 

Insulator Grounds.— Choice of transformer and system connections 
still continue to raise differences of opinion. Before the successful develop- 
ment of the electrolytic lighUiing arrester the advantage was on the dde 
of the star transformer connection with neutral grounded. Between the 
delta connection with 50 per cent, of the line potential on the insulators 
and the star connection with 60 per cent, there is little choice. In the case 
of the delta connection, a broken insulator does not result in a short circuit, 
but the grounding may set up severe high frequency disturbances, with the 
entire line voltage on the remaining insulators. This danger is lessened as 
the line voltage increases. When arc suppressors are used such arcing 
grounds are immediately disrupted by short circuiting. On the other hand 
a broken insulator on a star grounded system must be replaced at once. 
In this connection the voltage on the insulator is fixed whereas with the 
delta connection the limiting voltage is determined by the arrester setting 
within its range. The isolation of the delta with reference to the ground 
potential permits of extreme super-voltages and surging unless limited by 
arresters or other means. 

Insulator Troubles. — Formerly a large number of insulators were broken 
supposedly by hunters using them as targets and boys throwing stones at 
them. On narrow spacing of conductors insulators have also been lost from 
large birds short circuiting the line. Fog and dust undoubtedly are the 
greatest sources of present troubles, however, aside from electrical dis- 
turbances. Fog decreases the surface resistance of the insulator so that 
there is sufficient leakage to bum wood cross-arms and pins. Trouble from 
fog alone can usually be remedied by larger insulators except in the case 
of salt fog or fog and dust or smoke. Salt fog causes an encrusting of the 
surface of the insulator which can only be remedied by periodic washing. 
In districts where the air is laden with cement dust, smoke or acid fumes, 
fog adds to the regular run of insulator troubles with the remedy largely 
an increase in size of insulator and dependence on rain to maintain the insu- 
lator in working condition. Insulators have been designed and are avail- 
able which protect inner petticoats from fog and dust and also relieve this 
trouble. Insulator troubles from electrical disturbances, mainly from 
lightning, show up as broken units from puncture, porcelain cracked, or 
chipped, corrosion of the pin due to improper cementing and the like. These 
defects can be usually located by the ordinary 1,000 volt megger teat or by 
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a telephone receiver test which is being used Buccesafully by several large 
companies. A 2,000 ohm wireless receiver set is used with one tenninal 
comiected to a spike about shoulder high above the ground and the other 
terminal to another spike driven in the ground a few feet from the base 
of the pole. If the insulator is defective there will be distinct scratching 
noise in the receiver. The particular unit is then found by climbing the 
pole and testing the insulator units separately. An exploring coil and tele- 
phone receiver is employed by one company with considerable success. 

Insulators fail electrically through actual puncture or by flasb-over and 
cracking. The first cause of failure can be practically eliminated by tests 

applied before the in- 
sulator is placed in 
service to weed out 
the weak units. 
Flash-over tests are 
less satisfactory as 
an indication of what 
the insulator is likely 
to do in the long run. 
In the first place it is 
very difficult to imi- 
tate the insidious 
coatii^ of the surface 
by the long contin- 
ued action of dust and 
moisture. Almost 
any first class porce- 
lain will withstand 
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ture test or a flash- 
over test dry, the 
limitation being the mse and design of the petticoats. The value of a flash- 
over test when the insulator is wet depends upon the nature of the wettii^. 
The ordinary spray test approximates a heavy but rather quiet shower of 
Ffun. Service conditions would be more nearly approximated by a very 
fine spray directed obhquely upon an insulator which had previously been 
coated with fine dust. 

Testing Insulators wiQi MeggN. — In comparing the resistance of sus- 
pension types of insulators, as determined by a megger, with the puncture 
voltage, the Pennsylvania Water and Power Company has found that the 
latter increases in a general way wHh the resistance. In fact, the ratio of 
puncture voltage to resistance followed very closely the curve of Fig. 114. 
Units having a resistance of about 50 megohms had a puncture value about 
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60,000 volte, while tbose having a reustance of 360 megohms had a puncture 
voltage close to the flash-over value. It seems advisable, therefore, not to 
allow insulators to remfun in service on a 70,000 volt line unless each unit 
has a resistance of at least 500 megohms. 

Flash-OTcr of So8pensio& Insulators in String. — Interesting observations 
have also been made by this company on two 70,000 volt lines both 
equipped with the same design of suspension insulators, the one line with 
five units to the string in suspension and six unite on strun towers, the other 
line with seven unite to the string in suspension and eight in strain. Rec- 
ords for one year for both lines showed the larger number of lightning strokes 
for the line with the larger number of insulators. Evidence from inspec- 
tion of the line showed, however, that whenever the flash-over took place 
on a suspension tower (which generaUy was the case in preference to a strun 
tower) the lightning arc on the circuit with the five insulators in the string, 
would as usual rise upwards along the insulator strii^ to the crossarm 
above, while on the circuit with the seven 
unite in the string the arc would in every 
case go just the oppodte way, that is, from 
the conductor to the crossarm below, as 
shown in Fig. 1 15. This was naturally due 
to the fact that this clearance distance for 
the two upper conductors was nuterially 
decreased (from about 36 in. to 24 in.) by 
adding two more unite to the string. For 
the bottom conductor, where the clearance 
distance still remained ample, the number 
of flash-overs was greatly reduced. This 
change in the location of the arc resulted in two distinct gains. In the first 
place, the arc did not have nearly the same chance for daniaging the in- 
sulators by heat, as it did not pass alongside them but away from them. 
The insulator record for 1913 showed this clearly. Thus it was necessary 
to remove 210 insulators from circuit No. 2, (Fig. 115) due to lightning 
damage, and only three from No. 1 circuit. The other advantage- gained 
was that it proved to be easier to extinguish the arcs on No. 1 circuit and 
that it could be done with much lees loss of the synchronous load connected 
to the system, on account of the preponderance of two-wire short circuite 
compared with three-wire short circuits. The following year one more 
unit was added to No. 2 circuit suspenraon towers and two more to the strain 
towers, and this is the way it is at present. The number of insulators re- 
moved from the line du« to lightning damage is small, not more than about 
one hundred per year, on the average, and is not on the increase. 

Puncture and Flash-over Ratio for Insulators. — There has been some 
difference of opinion among operating en^eers and insulator designers as 
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to the proper relationship between puncture voltage and Sash-over volti^e. 
It is usually considered that a proper ratio of puncture voltage to flash- 
over is about 2 to 1. Some ei^ineers hold, however, that an insulator of 
very large striking distance may have a cinnparatively low flash-over volt- 
age and may easily have s dielectric strength as based on oil tests of 2 to 1, 
yet as far as operating conditions go, such an insulator may not be nearly as 
good as one of some other ratio, because of the fact that the latter may have 
a shorter striking distance. 

In the National Electric^ Safety Code issued as Circular No. 54 by the 
Bureau of Standards, November 15, 1916, in the section on installation and 
nudntenance of lines, it is recommended that insulators be so demgned that 
their dry flash-over voltage is not more than 75 per cent, of the puncture 
voltage at a frequency of 60 cycles. It ie also recommended that insu- 
lators withstand without flash at 60 cycles a test voltage when dry from 4 
to 2.5 times the operating voltf^e and when wet from 3 to 1.5 times the 
operating voltage. The test voltages of 4 and 3 times operating voltage 
were given for 6,600 volt insulators and the values 2.5 and 1.5 for 150,000 
volt insulators. The test voltages between these sizes and ratmgs are given 
in a table in the last chapter of this book devoted to data and reference 
tables. 

Hot and Cold Water, and Vacuum Heating Tests tor Insulators.— A hot 
and cold water test for insulators is often employed to determine the types 
of insulators that are most liable to be damaged by high internal stresses. 
Results of such tests as conducted and formulated by the Pennsylvania 
• Water and Power Company, ("Proceedings A. I. E. E.," July, 1915) have 
led to cert^ practical conclusions which are of value in interpreting 
high-voltage tests. In the tests as conducted by this company, the heads 
of the insulators were dipped in cold water (7 deg. to 8.5 deg. C) for five 
minutes, then immersed in boiling water for an equal period, and finally 
tested for resistance with a m^ger. Those which stood the treatment 
without any change in resistance were subj ected to ten temperature changes 
and finally to a high-voltage test. 

By heating insulators which bad been in service on the line for some time 
in a vacuum to a temperature of 50 deg. to 90 deg. C, it was found that 
the resistance gradually decreased and after several days rose again to In- 
finity. When insulators which had been subjected to this treatment wO'e 
subjected to high-voltage tests, it was found that they would break down 
at a much higher voltage than before bcii^ treated. The insulators which 
dried out the quickest punctured at the lowest voltages while those that 
dried out more slowly had considerably higher break-down values. From 
these observations it seems that insulators which have become unsuitable 
for service owing to absorption of moisture can be made safe for service by 
heating them in a vacuum and treating them so they will not absorb mois- 



■dovGoot^Ic 



TRANSMISSION LINE CONSTRUCTION AND OPERATION 209 

ttire again. Switching, surges, arcing grounds, high-frequency discharges, 
etc., therefore, can hardly be assumed to be the cause of all insulator 
depreciation, smee insulators have been damaged on lines continuously 
energized but not used to transmit raiergy. 

Effect of Altitude on Insulator Xtatings. — F. W. Peek, Jr., has shown* 
that there is a condderable variation of the spark-over voltage at sea level 
and at high altitudes for insulators, bushings and leads. If the spark over- 
voltage is known at the sea-level the spark-over voltage at any altitude may 
be closely estimated by multiplying by the corresponding relative air den- 
aty (ratio at sea level to that at any other altitude). That is, if a suspen- 
sion insulator strii^ of three units haa a spark-over voltage of 205,000 volts 
at sea level, the spark-over voltage at 9,000 ft. elevation at the same tem- 
perature would be, E-0.71X205,000 = 145,000 volts, where 0.71 is the 
relative air density corresponding to 9,000 ft. elevation. 

Protective Apparatus. — On account of the fact that abnormal and tran- 
sient disturbances frequently arise during the operation of transmission 
lines against which it is beyond practical methods to insulate apparatus, 
certain types of protective apparatus are essential. The protective devices 
in common use include lightning arresters, reactance coils, automatic cir- 
cuit breakers, relays, arcing ground suppressors, overhead ground wires 
and the like. The abnormal conditions that may injure machines and cause 
interruption to service, include: 

1. High frequencies. 

2. AbnonnaJ voltages. 

3. Excessive currents. 

4. Improper switching and accidental conditions. 

Lightning is the most troublesome cause of high frequency oscillations, 
while the arcing ground and changes in electromagnetic or electrostatic 
conditions also cause oscillations. Abnormal voltages are also the result of 
lightnii^, resonance and the reSection of standing waves and frequently 
rupture insulation or strain it to a point where it will eventually fait. 
Excessive current is about as serious as the other two abnormal conditions 
on account of the damage to insulation through overheating. Improper 
switching and its effects are treated under this head in the section on 
system connections. The accidental conditions referred to as sources of 
abnormal disturbances are such accidents as breaks in conductors due to 
storms and failures due to faulty installation and construction of insulators, 
switches and the like. 

Electrofytic Li^tuing Arrester.— The essential features of the electro- 
lytic lightning arrester are shown in Fig. 116. This device has proved 

* Dielectric Phenomena in High Voltage Engineering, McGraw-Hill Book Companr, 
New York, pace 111. 
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most effective in protecting alternating current systems and apparatus 
from all potential surges and lightning disturbances and is now generally 
used in all cases where the service and apparatus to be protected will justify 
the expense. The construction and operation of the electrolytic arrester 

are based upon the 
characteristics of the 
aluminum cell consist- 
ing of two aluminum 
plates on which has 
been formed a film of 
hydroxide of alumin- 
um immersed in a suit- 
able electrolyte. The 
device has a large dis- 
cbarge capacity and 
will not only handle 
serious abnormal con- 
ditions caused by light- 
ning, but will as well handle both continuous and recurrent discharges last- 
ing for long periods. This arrester can be adjusted to dischai^e at only 
a small percentage above the normal operating voltage of the system. The 
arrester should be installed as near the apparatus it protects as possible 




ilg. 1 16. — Horn Qape and %OTt CSrcuiUng Contwets for 
Elec&otytic liditniiig Arrestras. Short Circuiting Device 
should be Set (G+2S%) from ^pomto Horn 




Fig. 1 17.— lightning Arrester InstaUation for 45,000 Volt Three-PhsBe Non-Grounded 
Neutral Syetem, Showing Hon Gape on Wooden Poles, Wall Entrances &nd T&nks 
Inside of Station (Generu Electiic Company) 

and for this reason it is built in indoor and outdoor designs. Indoor units 
are used for low voltages where the arcing at the horn gaps is not severe 
under even abnormal cases. Above 27,000 volts, however, the arrester 
tanks are installed inside and the bom gaps installed just outside the build- 
ing so that the leads can be connected to the line where it enters the station. 
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Such an installation is shown in Fig. 117. The objection to installing ar- 
rester tanks out of doors comes from the liability of freezing in winter and 
exposure to the sun in summer. When the electrolyte is frozen the internal 
resistance of the arrester is considerably increased and its discharge rate 
considerably lowered, A high operating temperature increases the rate 
of dissolution of the films which calls for more frequent charging. In very 
hot climates it may be found advisable to charge two or more times a day, 
since failure to keep the film in proper condition at high temperatures 
increases the liability of damage from a heavy cbargjng current. ^^ 

Arrestere for Grounded and Ncm-groonded Ciicuits. — It hae been pointed r^ 
out by K. T. Wagner {General Elec^ic Review, June, 1913) and others, 
that it ia important to avoid the mistake of selecting an arrester for a 
thoroughly grounded neutral when the neutral is only partially grounded, 
that is, through an appreciable resistance. In an arrester for a grounded 
neutral circuit, each stack of cones normally receives the neutral potential 
when the arrester discharges. But if a phase becomes accidentally grounded 
the line voltage is thrown across each of the other stacks of cones until the 
circuit breaker opens the circuit. The line voltage is 173 per cent, of the 
neutral or normal operating voltage of the cells and therefore about 150 
per cent, of the permanent critical voltage of each cell. This means that 
when the grounded phase occurs this 50 per cent, excess dynamic potential 
is short cu-cuited throi^h the cells until the circuit breaker opens. The 
amount of enei^ to be dissipated in the arrester depends upon the kilowatt . 
capacity of tlie generator, the internal resistance of the cells and the time \ 
required to operate the circuit breakers. The greater the amount of resist- 
ance in the neutral the longer will be the time for the circuit breakers to 
open. In all cases, therefore, when the earthing resistance in the neutral 
is great enough to prevent the automatic circuit breakers from opeiung 
practically instantaneously, an arrester for a non-grounded neutral sys- 
tem should be installed. General Electric arresters for circuits with thor- 
oughly grounded neutrals have three stacks of cones. The bases of the 
stacks of cones are connected to the tanks and grounded. The top cone 
of each stack is cotmected to the Une through a horn gap. Insulating sup- 
porting racks are not necessary with arresters for grounded neutral cir- 
cuits. For non-grounded circuits the arresters have four stacks of cones, 
the bases of which are connected together by a multiplex connection. The 
fourth stack is between the multiplex connection and the ground, the object 
being to give the same protection between the hne and line as between the 
line and ground. The fourth stack is called the grounded leg of the arrester. 

Installation of Airesters. — When installing an arrester it is important 
that the wiring of the discharge circuit should furnish the shortest and most 
direct path from line to ground. Copper tubii^ is recommended for high 
voltage arresters installed with large radius bends and as short length of 
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conductor as possible so as to eliminate unnecessary inductance and enable 
the arrester to properly handle high frequency disturbances. From the 
arrester to ground copper strip is sometimes more convenient to install than 

copper tubing for this 
can be fastened to the 
station wall and lead 
directly to the ground. 
It is important to se- 
cure a good ground 
connection and a plan 
better than the use of 
ground plate is to con- 
nect to several pipes 
driven tax to eight feet 
in the ground and 
widely separated, but 
connected together 
with a liberal dze of 
copper conductor. 
When plates are used 
at a distance from the 
arrester, as in the mud 
bank of a stream, a 
pipe should be driven 
in the ground near the 
arrester to make the 
ground connection as 
short as possible. 
Ground plates at a 
long distance are not 
satisfactory. It is ad- 
visable to measure the 
resistance of ground 
connections from time 
to time. According to 
R. T. Wagner in the 
General Eledric Re- 
view, February, 1913, 
the resistance of a sin- 
gle pipe ground can be 
considered good when about 15 ohms. A dmple method of checking up 
the condition of multiple pipe grounds ia to divide the pipes into two groups 
and connect each group to a 110 volt lightning circuit with an ammeter 
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in series. If about 20 amp. flows and the pipes are well distributed the 

ground conditions are satisfactory for lightning arresters. 

Resistance of Grounds. — ^The data in Table 25 give the resistance of 

. various ground connections under similar conditions. The results were 

secured from a number of types of ground connections installed at 10-ft. 

intervals. After allowing these to settle for a period of three months, 

measurements were taken every three months for a period of eighteen 

months over a wide rai^e of temperature and moisture conditions. The 

• resistance of any one type varied very little under any weather conditions, 

the maximum variation of any reading being 35 per cent, of the average 

value. 

Table 25. — Resistance of Different Types of Ground Connections 



10 lb. Bcrap copper set S ft. deep, surrounded by 10 lb. coke 

Copper plate, 5 ft. by 3j^ ft., set i ft. deep, surrounded by 2 ft. crushed 

One 9-ft. lengtb lK-ii>- black iron pipe driven 6 ft. in solid earth 
One 9-ft. length 1 J^-ia. galvanized-iroa pipe driven 6 ft. in solid euth 

One 12-tt. length l>i-in. black iron jjipe driven 9 ft. in solid earth 
One 12-ft. length 1^-in. galvanized-iron pipe driven 9-ft. in solid earth 
Two 9-ft. lengths ^-in, galvanized-iron pipe set 6 ft. deep ajid coke 

tEunped around pipes 
One 9-ft. length IJi-in. golvaniied-iron pipe set 6 ft. deep and coke 

tamped around pipe 

Perforat«d metal cone IS in. long, filled with charcoal, buried 6 ft. in 2 

ft. of coke 
Patented type of driven ground pipe 
Patented type of set ground connection 
Connection to city water system at faucet placed about 100 ft. from test 

grounds 
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Rating of Lightning Arrester. — The voltage ratings of electrolytic light- 
ning arresters are given in column one of Table 26a, together with the 
minimum and maximum voltf^es at which they should be operated. All 
arresters on a system should be capable of operating at the generating 
station voltage. Manufacturers report that a mistake is often made in 
specifying an arrester of lower voltage for a substation than for the generat- 
ii^ station allowing for the Une drop. Disastrous results often follow such 
an error since the generating station voltage may be thrown on the sub- 
station arresters when the load is light or is suddenly cut off the substatjon. 

Arrester Horn Gap Settings. — ^The gap settings in the accompanying 
table are for the main and resistance horn gaps as recommended by the 
General Electric Company. When arresters are operated at higher or 
lower voltages than given in the table larger or smaller settings correspond- 
ing to the operating voltage should be used. In case arresters are used 
with charging resistances, the resistance gap should always be shghtly 
smaller than the main gap in order to give a selective path for the discharges. 
The variations should be about as shown in the table. 
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TABi,a 26a.— 
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Ratinos akd Lmits or E 


jEcraovmc Arbbstsbs 


Rated Voltao« 


OhutIHO VOLIiM 


Midmum 




2500 
3300 
4000 




1000 
2551 
3601 


2550 
2600 
4680 


0600 
10000 
12500 




46S1 
7251 
11901 


7250 
11900 
14000 


15000 
17500 
20000 




14O01 
16101 
18701 


16100 
18700 
21800 


25000 
30000 
35000 




21801 
27001 
32201 


27000 
32200 
37900 


40000 
45000 
60000 




37901 
43001 
48251 


43000 
4S250 
53600 


00000 
70000 
90000 




53501 
64261 
75001 


64260 
75000 
96000 


110000 
140000 




95001 
116001 


116000 
146000 
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BbyK.l 


. Wagner, General Eleetric Rei7ie\e, February, 1913. 
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O&er Fonns of Arresters. — Other forms of arresters such as the multigap, 
horn gap, magnetic blowout and mechanical break designs are in use where 
the conditions are less severe than in connection with loi^ transmission 
lines serving substation and important customers and where the operating 
conditions require a less expensive protective device than the electrolytic 
arrester. 

Protective reactance coils or choke coils are used to limit power to safe 
values at times of short circuit and to absorb and reflect high frequency 
oscillations by virtue of their inductance and resistance. They are also 
vsed as retardation coils with electro- 
lytic lightning arresters. Coils of from 
^ to 40 turns ^r insulated are usually 
satisfactory for this purpose. They are 
installed in series with the line, prefer- 
ably just outside astation between the 
apparatus and the lightning arresters. 

Overhead Ground Wires. — The 
value of the overhead ground wire is 
being realized more and more and the 
opinion held that the more of them the 
better the protection to lines against 
electrical and magnetic disturbances 
durii^ Ughtning storms.* The most 
practical protection is secured from 
four grounded parallel wires in a rec- 
tangular formation which gives the 
widest separation. These may be 
placed two above and two below the 
power conductors, or two above and one 
each side about on a level with the two 
lowest power conductors. Where a 
angle ground wire is used it should be 

placed as near as practicable to the power conductors. When two grounded 
wires are used they should be separated as far apart as possible and as far 
as practicable should be on oppc^te sides of the power conductors. This 
will reduce to a minimum the transfer of sui^ energy to the powei: conduc- 
tors. Protection against the splitting of poles may be secured by vertical 
conductor which runs the height of the pole and has one end buried in the 
ground. Every fifth pole protected in this way serves as a protection from 
a direct bolt of hghtning. A position of four ground wires recommended 
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by Dr. E. E. P. Creigbton where non-grounded pins are used is shown in 
li^g. 119. To preserve tbe insulation afforded by the wooden cross arm the 
metallic connections of the laterally grounded wires are carried free of the 
cross arm. At one point in the circuit is shown a series resistance to bring 
the total resistance in the grounded loop up to a value at least equal to 
one-fifth of the critical damping resistance. 

Size of Ground Wire. — From a mechanical standpoint the size of ground 
wire is dictated by tbe length of the span. To guard against sleet, practice 
seems to call for a % in. stranded Siemens-Martin steel wire for a span of 
600 feet and )^ in. for a span of about 250 feet amd ordinary telegraph wire 
for spans of about 100 feet. Tbe distance between the ground wire and the 
nearest conductor at tbe point of support should not be less than 70 per cent, 
of that allowed between the conductors, assuming that the ground wire is 
of steel and tbe conductors of copper or aluminum. When the ground wire 
is of the same material as con- 
ductors tbe same minimum 
clearances apply to it. 

With average cost of steel 

wire and cost of stringing the 

^ in. ground wire will cost 

around SlOO per mile. Each 

overhead ground wire can be 

Rg.l20.-Eeeentigl^FMii^ of Arcing Ground ^^sidered roughly as from 5 

per cent, to 1.0 per cent, of the 

cost of the line when its total cost, including steel towers, is conddered from 

$2,000 to $12,000 per mile. 

Arcing Ground Suppressor. — Where a system is operated without 
grounded neutral interruptions to service have been successfully prevented 
from arcing grounds by use of the arcing ground suppressor. This device 
in tbe mwn consists of three single-pole independent motor-operated oil 
switches electrically and mechanically interlocked to prevent more than 
one operating at the same time. It is controlled by a balanced tbree-phaee 
potential relay which remains inactive while the system is balanced, but 
when unbalanced due to the ground on one phase, it operates the corre- 
sponding phase of the suppressor which in turn grounds the same phaae of 
the line, thus sbuntii^ the current and extinguishing the arc. Its action 
and effect on a transmisdon system was explained by Creigbton and Whit- 
tlesey in "A. I- E. E. Proceedings" of June, 1912. 

Arcing Horns and Rings. — ^These devices are sometimes used on insula- 
tors with the idea of formii^ terminals to take the craters of an arc in case 
of insulator flashover. It is thought that a large percentage of insulators 
reported destroyed by puncture are first cracked or broken by the heat of 
an arc allowing current to flow through the break and blow up the insulator. 
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The arcs may be due to lightning or disturbances in switching and E^unst 
them it is not practicable to insulate. The arcing rings and horns such as 
shown in Fig. 121 limit the voltage of the destructive discharges over the 
insulator. The advantage of the ring design lies in the fact that the arc 
can form at any point around the insulator 
.-„,,„_ *"d in case it forms on the windward side it 

■| 2 " ■■ ""'^ may be blown around without injury to the 

= I^-SmSSS insulator whereas with definite terminals the 

arc may be blown under the insulator and 
injure it. 

Horn gap spacings for different arrange- 
ments and voltages are given in the accom- 
panying table. It must be understood that 
arcing horns and rings are not a makeshift 
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1 Ij n a, -a <o m i7 ^ •i^ P****"" mfluiatora— they are amply one 
55 ftS 6 *3E:J5?SSS» fonn of protection agwnst line surges. 
g f ^ — ~ BF-waowa Isolatfaig Tnuisfomiers to Reduce Ardng 

9 11 _^ 5 Saaai§a Ground Disturbances.— On the lines of the 
Public Service Company of Northern Illinois 
practical use has been made for some time of 
the isolating transformer idea on a non- 
grounded neutral system. The usual plan, 
as worked out, provides for isolating the 
system at generating stations or at points 
where local distributing lines are supplied. 
As may be observed from the accompanying single line diagram (fig. 
132), this arrangement exists at the Blue Island and Streator stations. 
The step-up transformer banks normally operate in parallel on the generat- 
ing bus, but are isolated on the high-tension side. Proviaon is made, 
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however, for parallel operation on a high-tension bus at Blue Island, or for 
cutting the line through and by-passing the station at Streator, in case of 
transformer trouble or other unusual conditions. In this manner the sys- 
tem as a whole operates in parallel but in isolated sections, thus limiting 




in extent metallic inter-conaections and consequent disturbances to re- 
stricted areas. 

At the Streator installation, station-type regulators are installed on the 
low-tensioD cade of the step-up transformer bank, which maintfuns proper 
regulation for the intervening points along the hne extending to the west. 
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This appears to be one of the main advantages of tbe isolating scheme as 
worked out in the system of high-voitage distribution. 

In the case of & metallically inter-connected system, a single defective 
insulator which grounds a phase affects the entire system. Local storms 
often develop in one section and cause a hazard to service in every other 
section. When isolating transformers are installed tbe disturbance of an 
accidental arcing ground on one section is confined entirely to that section, 
and still power may be transmitted without interference to and from all 
other sections as under normal conditions. Where isolating transformers 
are installed 1 to 1 units may be used or standard units which step the volt- 
age down and up again to the transmission voltage. Delta connection of 
transformers is employed. 

In the development of high-volt^e distribution systems, consisting of aa 
inter-connected network of lines, the necessity of protective devices for 
localizing high-voltage disturbances becomes more and more apparent as 
the system is extended. The scheme of adapting the transformer for this 
purpose is proving to be an effective means in limiting the extent of line 
disturbances, and unless some protective device is developed which will 
fulfill the requirements the transformer will be used, but periiaps in a modi- 
fied form, designed for the conditions impxised. 

Grotmding vs. Insulating Metal Crossanns on Wood Poles.— The ad- 
visability of insulating as opposed to grounding the arms of wood pole lines 
depends upon whether or not it is advisable to nurse weak insulators and 
maintain service with grounds on the line. With insulated anns the insu- 
lating value of the pole to ground is retained and in case of an insulator 
fulure only the two remainii^ insulators on the arm in question will be 
subjected to full line voltage whereas, with grounded arms or metal arms 
where the ground wire is clamped directly to the bayonet, two-thirds of 
the insulators on the hne will have the full line voltage impressed across 
them, which is bsk to locate any weak units, with a resultant short circuit 
and interruption of service until repairs are made. The problem is similar 
to that of grounding the neutral of a Btar connected system, and in general^ 
it is well to insulate the arms on lines serving important loads with no other 
source of supply, and to ground the arms in networks or where emergency 
service is provided. For ungrounded systems better results will be ob- 
tained with ungrounded arms. Where the system neutral is grounded the 
metal cross arm should be earthed. 

Protecting Distribution Transformers. — Results of an extenave investi- 
gation to improve Ughtning protection for distribution transformers con- 
ducted by the Commonwealth Edison Company* have indicated that con- 
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Edderable trouble from lightning can be eliminated by removing transformer 
terminal boards and Installing lightning arresters on the same poles with 
the transformers. These conclu^ons are drawn from a five-years' investi- 
gation which included 3000 miles of circuit and 16,000 transformers. The 
records obt^ned have demonstrated, first, that the removal of the terminal 
boards from transformers would ehminate about 60 per cent, of the troubles 
due to lightning, and, second, that the installation of lightning arresters on 
the same pole with each transformer made a very considerable additional 
reduction in the amount of trouble from lightning, as compared with pre- 
vious practice of installing a few arresters on the line poles. Regardless of 
whether the Ughtning arresters are on line poles or on transformer poles, 
the protection appears to be improved by an increase in the number of 
arresters per square mile or per mile of line. While a lightning arrester 
on the same pole with each transformer appears to be quite adequate pro- 
lection in a region where the transformers are reasonably close together, 
the protection appears to be inadequate where the transformers are sepa- 
rated by distances greater than 2,000 feet. Construction is considerably sim- 
plified by the use of self-contained arresters which do not require inspection. 
The modem types of lightning arresters are so free from trouble that 
the installation of a fuse in series with the arrester, for the purpose of 
disconnecting the arrester in case of trouble, is not warranted. While the 
installation of lightning arresters for the protection of transformers is 
not warranted by the saving in the cost of repairs to transformers, it can 
be justified because the quality of the service is improved thereby. 

Where transformers are separated by considerable distances, or are 
located at the end of a long line, the indications are that a single arrester 
on the transformer pole will prove inadequate. In order to secure the best 
protection, therefore, a certain minimum distance (not yet determined) 
between arresters should be decided on so as to protect against the light- 
ning strokes of moderate frequency and considerable volume, which cannot 
be di^charged by a sin^e arrester, and which are apparently a fair propor- 
tion of the total number of strokes. Lightning arresters protect trans- 
formers against a lai^e fraction of the Ughtning strokes, but the rest of the 
strokes, which are probably of a very high frequency and large volume, 
are beyond the capacity of the arrester. Stated more specifically, some 
lightning strokes are of comparatively low frequency and moderate volume, 
so that an arrester placed anywhere along the portion of the line affected 
by the stroke will protect the transformers. This type of stroke is the only 
kind that is seriously affected by the old-fashioned scheme of scattering a 
few arresters along the line poles. For strokes of higher frequency it be- 
comes necessary to have the arresters nearer the transformers, and this may 
be accomplished in part by installing an arrester on the pole next adjacent 
to each transformer. For strokes of very high frequency, however, the 
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arrester on the pole next adjacent to the traoaformer is no longer sufficient, 
and the arresters must be placed immediately alongside the tranafonner. 
There still remain strokes of such high frequency and volume that a single 
arrester on the transformer poles becomes inadequate on account of its 
limited discharge capacity. This may account for the damage done to the 
transformeis that are so protected. 
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CHAPTER V 

PLANT, LINE AND StJBSTATION COSTS 

Unit Construction Costs for a Hydroelectric System. — The unit cost of 
constructing a complete electric service system depends upon local condi- 
tions, such as nature and location of generating station, character and extent 
of tranamisBion and distribution lines, contour of land and construction 
difficulties, cost of labor for the section, transportation facilities, and the like. 

In what follows a graphi- 
cal analysis of construc- 
tion costs is presented 
which shows the relative 
magnitudes of the differ- 
ent expenses as well as 
the unit costs represented 
by the construction work 
called for by the Tallulah 
Falls hydroelectric plant 
and transmission system 
of the Georgia Railway 
& Power Company, which 
serves large areas in 
northern and central 
Geoi^. All of the charts 
are based on data pre- 
sented at a meeting of 
the American Institute of 
Electrical Engineers at 
Philadelphia, Oct. 11, 1915 {Proceedings A. I. E. E., Vol, XXXIV, pages 
2389 to 2442), by Charles G. Adsit, engineer for the Northern Contracting 
Company. 

First of all, the total expenses due to constructing each part of the sys- 
tem, including dam, tunnel, power house and lines, are compared. Then 
each expense is itemized and further compared to show the relative mag- 
nitudes of labor, material, transportation and miscellaneous items. As 
might be expected, these data show that labor is the lai^est item in con- 
structing each part of the plant. In building the dams the cost of cement, 
miscellaneous expenditures and cost of quarrying are next in magnitude, 
representing about 31 per cent, of the total expense. The expense of quar- 



rtretntoge of Totol Cantniclion Cipcnst 

Fig. 123.— Relative Coste of Constructing Each Part of a 
Hydroelectric Plant 
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rying may be offBet by the cost of sheet piling in country where the soil is 
such that water may aeep under the dam. The plant, reinforcement and 
supervision costs are about equal per cubic yard of concrete laid. 




jsllllll 

•ilill 

Tunnel Costs. — ^Excavating the tunnel cost about one and a third times 
as much as lining It, these two expenses constituting about 84 per cent, of 
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the total tunnel expense. Labor required about 65 per cent, of the total 
excavating expense, explosives, power and transportation making up 19 
per cent. more. The cost of cement and crushing stone was a la^ item 
in hning the tunnel. It is interesting to point out here that the liability 
insurance for the entire tunnel construction was slightly over S2 per linear 
foot, of which $1.52 per foot was for excavating and 45 cents for lining the 
tunnel. 

The cost of constructing the intake, which involved ex'cavating about 
7,000 cu. yd. of rock and placing 2,670 cu. yd. of concrete, consists of $1,517 
per cu. yd. for excavatii^ and 19.03 per cu. yd. for concreting. The con- 
struction of the surge tank, which was about 113 ft. deep and 2130 sq. ft. 
in cross-section, required the excavation of about 4,750 cu. yd. of rock at a 
c<wt of $2,166 per yd. About 700 tons of reinforcing steel were required in 
the tank and the low^ 64 ft. of lining, costing $5.57 per cu. yd. 

Station Buildings. — Construction of the power-house building exclusive 
of the tailrace cost $6,056 per kilowatt installed. Of this concreting the 
foundations and substructure required 34.9 per cent. Handling, mixing and 
laying brick, sand and cement cost 15.8 per cent. Next in mt^nitude were 
the costs of structural steel, other building material, rock excavation and 
tiling floors. Analyzing the equipment expense shows that the cost of 
furnishing and erecting the hydraulic equipment was about equal to the 
corresponding expense for the electrical equipment. 

Table 28.— Rbprbbhutatt™ Cobto ih Pjie Cest. fob HTDKOBLBcraic Piant 

CONBTRHCTION (AvBRAOEB POR A NcMBEB OF PlANTO) 





Maim Itbhi or DnBLoniiirr Con 




W 
43 

22 


(B) 
55 


76 


20 
22 
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(D) 


fDT 
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(A) Total cost of dam construction. 

(B' Hydraulic work not including power house. 

(B') Hydraulic work not including power house building. 

(C) Total cost of low preBsure penstock pipe. 

(C) Total cost of hit^-preseure penstock pipe. 

(D) Cost of Power station building. 

(Ty) Cost of Power station fully equipped. 

(E) Cost of turbines or waterwheels. 
(E') Total cost of hydraulic machinery. 

(F) Total cost of electrical equipment. 

Table 28 considers the following items of cost for a ntunber of plants: 
the Diversion Works, covering costs of dam and intake; Flume or 
Conduit (headrace), covering costs of flume or pipe, tunnel or canal; 
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Receiver, covering surge-tank, stand-pipe or secondary reservoir; Pen- 
stocks, covering cost of pipe lines (pressing lines) ; Power House, covering 
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costs of hydraulic substructure and machinery, superstructure, electrical 
equipment, miscellaneous equipment; Tailrace, covering costs of water 
conduit (taihiice) construction, pipe line or tunnel and grading. 
16 
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TransmiBskm Unes. — In constructing the main transnuBsion line the 
cost of copper waa the chief expense, with the coeta of tower steel, founda- 
tions and right-of-way coming next, in tlie order named. Branch lines from 
the Atlanta substation have been built to Lindale (Ga.), 69.2 miles, and 
Newnan (Ga.), 42.1 miles, at an expense of $4,284.05 per mile and (4,687.90 
per mile respectively. Both lines are operated at 110,000 volts and CMisist 
of one No. 00 atranded-copper circuit on 70 feet double-circuit towers. The 
Newnan line towers also cany a 20 mile, 22,000 volt No. 0000 circuit. 

Substation Costs. — The Boulevard substation at Atlanta, of the outdoor 
type, is designed for an ultimate capacity of 60,000 kw. All of the equip- 
ment for this rating has been installed except 30,000 kw. in transformers 
and control switches. The costs for this substation and other small sub- 
stations are shown in Table 29. 
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$0,222 
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1.316 
8.128 






Total 


«6.29e 


S11.606 



The small substations are almost identical in design and similar to the 
substation in Atlanta. There are five of these substations in operation, 
with a present rating of 16,500 kw. and an ultimate rating of 30,000 kw. 
One substation has a present rating of 1,500 kw., three a rating of 3,000 kw., 
and one a rating of 6,000 kw. The ultimate rating of each of the first four 
is double that at present, with the 6,000 kw. station arranged for a 9,000 kw. 
ultimate load. 

Cost of Telephone Lines.— Considerable experimenting was necessary 
before a satisfactory telephone-line construction was secured. The tele- 
phone line from Tallulah Falls to Atlanta was completely reinsulated, using 
40,000 volt suspension-type insulators instead of ttie usual pin type. This 
work has mode the unit cost appear high. The costs for about 200 milee 
of circuits are shown in Table 30. 

Table 30.— Cost peb Mile op Telephone Lines 
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Tnuumissiini Line Costs. — Cost figures for transmission lines can be 
given only in an approximate way, since the size and cost of the conductor 
and the nature of the country passed through greatly affect line costs. How- 
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ever, in addition to the approximate estimates given under the heading of 
construction costs, page 180, attention may be called to the following items 
which go to make up transmission line costs. These items are cost of right- 
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of -way, cost of coDductore, cost of insulators, and cost of towers. The relation 
of the last two items are approximately shown in Fig. 130. These curves 
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EV 130.— Tower and Insulator Costs m Dollan per 1000 Feet of Tnuumisoon line 
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Fig. 131.— A DeWDi of Metal Cross Ann for Voltsgea up to 60,000. For the 33,000 
Volt Service Referred to in Table 30, A-36 in.: 6-12.3 in.; C-fi in.: D-12 in.: 
E-13.5in.; and F=50in. 

show relative costs of mechanical equipment rather than give any precise 
data and must not be taken except as an approximate average for tinea io 
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general. The cost of right-of-way varies according to the value of the land 
in the territory crossed, and in all csaes ia more than the value considered 
for fanning purposes. This cost may be taken, however, as about $200 per 
acre, BO that a right-of-way 100 feet wide calling for twelve acres to the 
mile, the right-of-way cost ia about $2,400 per mile. This is an additional 
cost not shoifti in the curves. 

As observed from the curves, the controlling factors of line costs over and 
above rightK)f-way are tower costs and insulator costs. As the size and 
price of insulators is increased, the economical length of span would be in- 
creased so it follows that the higher the voltage, the longer the span. For 
an average voltage line, the economical span is 8(»Qewhere between 300 
and 700 feet, with medium weight towers (see Table 79) structure. Foun- 
dation costs are practically constant, due to the fact that the strength of 
the foundation against a force tending to pull it out of the ground is pro- 
portional to the weight of the foundation. Thus the cost of the foimdation 
is proportional to this force, resulting in a practically constant value for the 
cost of foundation per 1000 feet of line. 

Cost ot Rural I^s. — ^As generally contended by electric service com- 
panies and forcibly brought out by the accompanying data, service can 
be supphed to sparsely-settled districts at a profit only by employing 
inexpensive line construction. There is another alternative, that of 
charging higher rates, but usually rates are already as high as the business 
will bear or as high as feasible. Therefore, any specifications which 
will impose stringent requirements on such lines will tend to deter de- 
velo[Hnents. 

The accompanying data were compiled by the 1916 committee on over- 
head lines of the National Electric Light Association to show that many 
minor distribution lines in sparsely-settled districts bring in little if any 
return on the investment they represent. While these data are not exten- 
mve they represent the economics of lines of this character. In addition 
they indicate the cost of constructing similarly equipped lines. More 
figures were not given for Eastern territories because few lines serving 
low-density loads are installed there, it being the practice of many of the 
larger companies not to install lines unless the revenue in sight is sufiicient 
to make the hnes profitable. The negative return on the investments 
represented in many cases were not shown to discourage supplying service 
to thinly populated territories but to point out that any legislation that 
requires more costly line construction may have a deterrent influence on 
extensions of this type. Unfortunately the data refer to lines which have 
been constructed during 1914 to 1916, so that the figures do not show 
the final financial status, since the gross revenue from a line will increase 
year by year if new business is developed along it. This increase, however, 
will be partially offset by the carrying charges on additional investment, in 
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service connections tind equipment and the increased operating and maia- 
tenaoce charges. 

In preparing these tables interest was assumed at 7 per cent, in all cases, 
although it is probable that the average rate at which money was seciuvd 
was over this amount. Depreciation was comprised of 8 per cent, for lines 
exclusive <rf conductors, 2 per cent, for conductors, and 3 per cent, for ser- 
vices, transformers and street lighting equipment. The values for opera- 
tion and maintenance were taken from plant records, and where taxes were 
not included they were estimated at 1.5 per cent. The cost of power was 
included in the records submitted except in the casea of the southern Cali- 
fornia group and the first of the central California group for which an . 
estimated cost of three-fourths of 1 cent per kilowatt-hour at the point 
delivered to the transmission line was assumed. 

The ten groups of lines analyzed have an average length of service of 1.6 
years and show an average deficit equal to 8.7 per cent, of the investment 
or 50 per cent, of the gross revenue. They can, therefore, be placed on a 
profitable basis only by increasing the rates {not feasible) on the same load 
or doubling ^e load without extending the lines. If it should take too 
long to double the load, however, the deficit accruing during development 
would be difficult to remove. It may be pointed out that several lines yield- 
ing a gross revenue of less than $200 a mile show a smaller deficit than the 
averse because of the lower cost of construction. This is due to the use 
of long spans, small conductors (in some cases iron), and light construction, 
the initial cost, includii^ services, being usually httle if any greater than 
$1,000 per mile. 

While the accompanying data seem to indicate that there are no returns 
from any minor distribution hues, indirect benefits may accrue from the 
general development afforded, the good-will secured from willingness to 
serve and the sale of otherwise surplus power. 
Table 32.— CLAaaincATiow or Line Ikvkhtiieni** pob Minor DiSTRmuTiopf Lines 
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* See table 32a for equipment of linea. 
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EcoNOincs OF SiULL Odtdoob Substations 
Service Requirements of Snull Substatunu. — ^The data aod brief de- 
Bcriptions which follow were presented by N. Neabitt Teague in the Eke- 
trical World, June 10, 1916, to show examples of a BUccessful supply of 
power by the use of the small outdoor substation; the cost of constnictioD 
for the stations and extensions thereto; the operating and load conditions; 
the extent and nature of the demand and the equipment operated. These 
stations are operated on a 13,000 volt, three-phase, 60 cycle, isolated delta 
distribution network located in the South and serve industrial plants such 
as cotton mills, cotton oil mills, kaolin mines, silk mills, chemical and fer- 
- tiliser works, etc. Twenty-four-hour service is required and interruptions 
to this service would cause an inestimable loss to, say, the cotton mill , 
where hundreds <rf operatives would be idle, or to the brick yard, where 
hundreds of bricks would be burned if the blowers were idle. Such concerns 
as this, whose old steam-engine advocates are yet dubious of central station 
service, must be pleased if the company is to hold its present customers and 
obtun other omilar loads in its locality. Typical contracts are cited to 
show the nature of the agreem^its of the company with its consumer, and 
the losses and penalties for service interruptions. The following is a con- 
tract with a cotton mill served by the substation referred to in Table 42. 
Skconsakt Powsr Contbact roR Electhical Enerqt 

Agraemefit entered into this day o{ , 191., between the 

company, hereinafter called the "oompany," and the 

ManufactuTing Company, hereinafter called the "customer." 

WiUieaeeth: — For and in conaideralion of the mutual eovenanta tuid agreements here- 
inafter contained, the parties hereto agree with ea^ other as follows : 

(1) The company agrees to furnish to the customs', and the customer agreca to take 
from company (except when prevmted by causes beyond the control of either party), 
for and during a period of five yean beginning , or as soon as the com- 
pany ahall be able to deliver energy to the customer, and a complete connection is made 
between the transmusion lines of the company and the completely installed dectrieal 

^>paratus of the customer, which shall not be later than aU electrical 

energy hereinafter defined as secondary power, in the form of thre&i)hase alternating 
current at a preeeure of approximately 13,000 volte, and at a normal frequency of 60 
cycles per second with allowable variation of three per sent. (3%) above or below nor> 
mal, that shall be required by the customer for the operation of its cotton mills located 
at to the extent and for the operation of a maximum demand of 625 hp. 

(2) By "secondary power" is meant such energy as the company agrees to furnish 
and supply eight months out of each consecutive twelve moDtliH' period of this agree- 
ment, and is such energy as the company reeervee to itself the right to shut off and dis- 
continue the supply thereof, by giving t^e customer twenty-four hours' notice of its 
intention to discontinue the supply, and being such ener^ as the customer agreca to 
resume the use of within twenty-four houn after the receipt by it of notice from the com- 
pany tliat the company is ready to supply and furnish said energy to the customer, pro- 
vided that the company shall not shut off and discontinue such supply during an aggre- 
gate p^iod of more than four (4) months in each oonsecutive twelve (12) month period 
of this agreement. 
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(3) The ouatomer dull pay to the company one dollar ($1) per month for each bone- 
pow^ of n^ftTJnuim demand recorded by the iiiBtniments of the company, for all energy 
uaed between the houn of 6.30 a. m. and 6.30 p. m., and one dollar (SI) per month for 
each hMoepower of maximum demand used between the houn of 6.30 p. m, and 6.30 
a- m. The cuatomn shall, however, have the option of paying for electrical energy 
used between the hours of 6.30 p. m. and 6.30 a. m., on any working day, or at any time 
on any Sunday at the rate of one and one4kalf cents (O cente) per kHowatt'hour. The 
customer shall have the right to uae electrieal energy from 6.30 a. m. to 6.30 p. m. on any 
Sundi^, for tbe purpose of repaiis to any of ita machinery, apparatus or building with- 
out extra charge. 

file customer agreee, however, that the ai^pregate amount of such monthly bills shall 
not be leea than the sum of three thousand seven hundred and fifty dollars (S3,750) per 
year, which ahall be termed the "minimum charge." 

Should the company fail to supply energy to the customer during the full period of a 
month as braeinafter defined in section four the charges of one dollar (SI) per month 
shall be reduced proportionately. 

(i) A period of a day as used in this sgreement shaU be understood to oommence at 
8.3D a. m. and end at 6.30 a. m., twenty-four hours later, and a period of a month shall 
be considered as the days in the particular calendar month less Sundays. A horsepower 
shall be considered as the equivalent of 746 watts. 

(5) He muTimtim demand shall be measured by the company on the primary side 
of the service tranaformras at a pressure of ^(proximately 13,000 volts by such grt^jhic 
recording meters as the ctnnpany may install at its expense on the premises of the cus- 
tomer in a suitable [dace or buildiI^; provided by the customer; and shall be ooosidaed 
OS the maximum rate of use of the electrical eno^ enduring tfarou^ any ten-minute 
period except that any maximuhi demand occurring on any Monday morning before 
12 o'clock noon, shall not be considered. The electrical energy shall be considered as 
delivoed at the point of measurement. Peaks due to short-circuit or accidents to the 
^iparatufl of either party to be disr^arded. 

(6) It is distinctly understood and agreed that in the event the maxiipum demand 
exceeds that provided in the first clause, the m' n i n i'"n charge as provided in the third 
clause shall increase in the same ratio as such increase bears to such demand. 

(7) The customer agrees to pay all bills due the company within ten days after 

rendered, at the company's office in the city of If the customer shall 

at any time be in default of payment for more than ten days the company shall have the 
right to suspend the delivery of electrical energy after having given the customer ten 
days' notice in writing at its intention to do so. By subtending the delivery of energy 
for such cause the company forfeits none of its legal rights. If the customer shall at any 
time be in default for thirty (30) days, the company may declare this agreement void, 
by giving written notice of its desire to do so. Such termination shall not relieve the 
customer of its liabiUty to the company, and the customer shall pay to the company as 
liquidating damages, but not as a penalty, the sum which should have accrued on the 
basis of the minimum charge in the unexpired portion of the term of this agreement. 

(8) It is distinctly undrastood and agreed that the electrical enei^y to be supplied 
hereunder shall not be resold or used for light except in the buildings, stores, halls, 
lurches, schools and mill tenements owned by the customer on premises where said 
enei^ is used for power purpoeee or the lighting of the streets of the mill village of the 
customer; nor by any other firm, person or corporation than the customer, nor by the 
customer, except upon the premisM and for the purposes herein specified. 

(9) The customer may increase the maximum demand by giving notice to the com- 
pany six (6) months in advance of the time said increase shall go into eSect. The 
company, however, will not reserve any power except as herein specified for tJie use of 
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the customer and will not increase the amount it shall deliva to the customer if it doea 
not have the capticity available. 

In considertLtioQ of the right to increase the maximum demand and provided the com- 
pany is ready and able to supply the customar all the electrical energy it may require 
during toe life of this agreement or any renewal period thereof the customer agreee not 
to use any electrical energy other than that furnished by the company except euch as 
may be generated by the customer. 

(10) Cuetomer ahall have the right to renew this agreement for a further period of five 
yean imder the same terma and conditions as this agreement in all respects, except as to 
the right to change From secondary to primary power as provided in section eleven herectf, 
by gjvii^ the company written notice of ita intention to so renew, one year previous to 
the expiration of the first five-year period. 

(1 1) The customer is to have the right at any time within the five yean from the time 
this agreonent goes into effect but not thereafter to change the service herein contracted 
for from secondary to primary power, in which case the customer agrees to pay the rat« 
of one dollar and fifty cents (SI. 50) pa month per hoisepower, measurement and de> 
livery to be as provided in the fifth clause. 

(12) It is undentood and agreed that should the customer change this agreement or 
provide for the use of primary power, then and in that event the ni'Tiin ium charge as 
provided in toe third and sixth clauses shall increase in the same proportion as one dollar 
and fifty cents bears to one dollar. 

(13) All meteiB and other appliances and equipment, which may be at any time io- 
Etalled in the customer's premises at the company's expense, shall remain the property 
of the company. (It is understood and agreed toat the company will bear the expense 
of neceesary repain not occasioned by the n^ligence or acts of the customer or its em- 
ployees, to the service transformera owned by and located on the premises of the customer, 
provided such transformeiB are operated in accordance with the reasonable rules and 
regulations of the company.) 

(14) All metora shall be tested and calibrated from time to time at the option of the 
company, or at the request of the consumer. Any meter tested and found not to be 
more than two per cent. (2%) in error shall be considered as correct and accurate. If 
any met« shall he found to register more than two per c«it. (2%) m error, proper pro- 
portionate correction ^all be made in the bill for the electrical energy extending back 
to the prior test, but in no event shall such correction extend bock beyond thirty (30) 
days previous to the dato on which such inaccuracy shall be diseovered by such teat. 

(15) It is further understood and agreed that the customer hereby grants and conveys 
to the company the rights of ingress and egress and the right to erect poles and accessories, 
string its wire acraea or over the customer's property for the purpose of connecting to the 
company's service the customer's electrical installation at the point of dehvery, and the 
removal of its poles, wires, accessories and other electrical equipment, this right to re- 
main in full force and effect during the term of this agreement or any renewal period 
thereof and a reasonable time thereafter. 

(16) Any question in dispute under this agreement shall be submitted to three arbi- 
traton, one to be chosen by each party, and the toird to be selected by the arbitrators 
thus chosen. 

The decision of the majority shall be bindii^ and conclusive upon the parties hereto. 

(17) This contract is executed in duplicate and shall enure to and be binding upon the 
succeBBOTB and assigns of the respective parties hereto. 

In Witness Hbreof: The parties have caused this ccmtract to be executed by their 
duly authorised officers the day and year first above written. 

AlTEBT SlflNBD: 
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Pbimabt Poweb Contract fob Electrical Enerqt 
In the event of the customer taking "primary power" the contract 
differs from the above somewhat as follows: (This particular contract is for 
service to a silk mill, data for which are given in Table 41.) 

llie electrical energy to be tumiahed under tbia agreement shall be "primary power," 
provided, however, that whenever the maximum demand aa hereinafter defined ahall 
reach 200 hp., the customer ahall have the option to call for "primary power" instead of 
"secondary power." By "primary power" is meant aueh energy aa the company agrees 
to fumiah and supply every day in the year between the hours of 6 a. m. and 6 p. m. 
(except when prevented by the causea specified in section sixteen hereof). Nothing 
herran shaU, however, require the customer to take electrical enei^ from the company 
exceeding a maximum demand of fifty (60) horsepower, unlefls or until the customer shall 
elect to take a maximum demand of two hundred (200) horaepowra' of secondary or 
primary power as hereinafter provided. 

Until the customer shall elect to take a muTimnTn demand of two hundred (200) horse- 
power of secondary or primary power, the customer agrees to pay the company for electri- 
cal energy taken each month hereunder as follows : 

(a) At the rate of twenty-five dollars (125) per year for each horsepower of maximum 
demand thoetofore recorded by the inatnunenta of the company between the hours of 
6 a. m. and 6 p. m. of each day; and in addition thereto: 

(b) At the rate of twenty-five dollais ($25) per year for each horsepower of maximum 
demand theretofore recorded by the instruments of the company between the houi« of 
6 p. m. and 6 a. m. of each day, provided, however, that the customer shall only be re- 
quired to pay under this paragraph (b) the proportion of such monthly charge as the 
number of daya in the month during which electrical mergy shAll be taken by the cus- 
tomer between the hours of 6 p. m. and 6 a. m. ahall bear to the number of days in the 
month. 

Hic cuatomer agrees that the aggregate amount of payments for each year ahall not 
be teas than the sum of dollars, hereinafter the minimum charge. 

Should the company fail to supply the energy during the full period of a month, then 
in that event the chal^ per horsepower per month shall be prorated on the baais of the 
number of days in the month in which the energy was suppUed and furnished by the 
MHnpany. 

The following clause is part of the service contract to a cotton ba^ng 
and waste mill. 

The Company ^rees that in case the delivery of energy to the customer shall be in- 
terrupted at any time or timea between the houn of 6.30 a. m. and S.30 p.m. for a longer 
period than five (5) conaecutive minutea, for causes other than thoae specified in contract, 
the customer shall be entitled to payment by the company of: 

D.2S cent per minute for the first hour of such interruption. 

0.15 cent pet minute for the second hour of such interruption. 

0.083 cent per minute for the third and each succeeding hour. 

A maximum demand shall be the average of daily maximum half-hour demanda for 
the working day in each month, and ahall be measured by the company on the primary 
side of the service transformers, etc. 

line and Substation Construction. — ^The species of poles used in ail line 
construction is chestnut, classes "A" and "B," that conform to standard 
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N. E. L. A. specifications. Geor^a pine ^x-pia crosa-arms are used after 
a treatment in hot creosote. Locust pins cany 0. B. and Thomas insulators. 
The three wires are carried on the pole and end pins. The overhead ground 
wire has not be^i used universally and extensions are usually made without 
this feature. Bayonets grounded on each pole are used in some instances 
to protect the pole from lightning. Disconnecting switches have been used 
freely in order that various sections may be cut off and trouble localized, 
without causing lengthy interruptions to other customers on the line or 
lines. 

The method of operating this system takes into account the distribution 
of the load, and means are provided for more than one source of power to 
all customers wherever possible. 

The small outdoor substations that have been installed may be con- 
structed very economically and efficiently by using one or more poles and 
locating the transformers at their base. It has been found advisable to 
locate the transformers near the ground, instead of raising them on plat- 
forms of steel framework, since they are easily removed if necessary, much 
more accessible for repwrs, or to obtain oil for tests, or to filter and dry 
out should the oil require it. A neat fence is usually built for safety pro- 
tection, inclocdng the installation. With this arrangement the installation 
will be just as safe as if the transformers were raised some 10 or IS ft. from 
the ground. 

When the transformers are not too heavy, and the installation does not 
warrant the cost of a concrete foundation, a couple of old iron rails imbedded 
in the earth serve the purpose very well. Where the transformers are large 
and heavy, steel tower structures with concrete bases, or steel frame bases, 
are installed, but the units are not raised more than 1 foot off the ground. 

Switches, Fuses, Arresters and Meters. — ^The switches and fuses used 
on these stations are Burke horn gap, General Electric types D-7 and IXj-9 
and Delta Star designs. Due to the high cost of replacing the chemically 
filled fuses, home-made horn type fuses have been placed on this equii>- 
ment, and in some instances these fuses have been placed directly on top 
of the transformers so that they are accessible to renewal. The switches 
are arranged to operate from this location. Aluminum, copper, etc., 
string fuses are tested before they are installed. 

lightning is the cause of the most serious operating troubles in this 
locality, therefore the selection of the proper arrester is vital. Lines and 
stations have been equipped with designs other than the electrolytic alumi- 
num cell type, but, of course, it is doubtful if the desired result of protecting 
electrical equipment from surges or the lightning menace has been accom- 
plished. It is hoped that the installation of reactors, in some cases, between 
outside lines and the equipment, to drain off the surge through horn gaps 
to ground, has minimized the damage to transformers and inade apparatus; 
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however, they do not ofFer full protection to line insulators nor take care 
of high frequency. The aluminum cell type of arreater has met the 
demand most de^rably and has been installed whenever the installation 
warrants its cost and espedally at the end of the lines. 

The meters are usually located directly on the installalioD or in an adja- 
cent building. The metering has been performed on the primary side, or the 
secondary mde of the installation, according to conditions or the deares of 
the customer. In general when metering on the 13,000-volt side, the po- 
tential and current transformers are housed in special boxes and the meter 
placed in the same box on the pole adjacent to transformers or near them. 
The meter is mounted so as to be accessible for test and easily read 
through a glass in the front door. It is installed on a pole when the metering 
is done from the secondary side. Polyphase watt-hour meters are used 
to record the kilowatt-hour consumption, and where required, maximum 
demand or graphic recording wattmeters are used. 

In general the only disadvantages which are pointed out by the advo- 
cates of in-door substations are: the greater risks to the public, the 
difficulty in making repairs and the less reliability to service. In the 
installations made, the first objection is remedied by the wire fence, and 
the latter is not bo objectionable in the South, where there are few snow 
or sleet storms. 

Tabu 33 — Cost ot Scbbtation CornvnccnoK to Sbbvi a Cotton Seed Oil Mill 
The Bubstatioo is rated as 900 kva. The primary voltage is 13,000, 3 phase, 60 cycle, 
and the eeeoodars 440 volts. This installation is located 25 feet from the main distribu- 
tjonline. 

Cost Iteus 
FoundBtioDs $ 105.00 

Three 300 kva. transformera (G. E.) 2,416.00 

One set G. E. tvpe LG4, 300 amp. 22,000-volt switches 110.3S 

One set G. E. electrolytic aluminum cell arrestets 321.75 

Steel framework, oomplete 01.00 

Hardware, nuteiial, etc. 105.32 

Ubor 180.77 

Meter and cumnt transfoniicn 95.00 



Contract Data 

Duration of contract Five yean 

Honepower contracted for 1,200 to 1 500 

Hours of Bervioo Twenty-four 

Months of service Ei^t 

Service charge per Jdlowatt-hour used 6.6 mOla 

Guaranteed minimum per year 16,000 

KQowatt-houra consumed per month 289,900 

Gross revenue per month Sl,fll3 

The installation serves a cotton seed oil milt and cotton seed feed mQlB. The following 
is the motor equipment: Three 150 hp. General Electric slip ring fonn M; three 150 hp. 
Weatinijiouae form HF.; and two 50 hp. General Electric squirrel cage form K motors. 
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It is undoBtood that the customer has the privil^e of canceling the oontntct at the eod 
(A two yean by giving ninety days' notice and the paTment of $1,000 bh liquidating 
damages, but not as a penalty. Under the same conditions the contract may be termi- 
nated at the end of three years by the payment of 1800, and at the end of four years 
by the payment of $300. 

Table 34— Cost o 

The iofltallalion is rated at 200 leva. The primary voltage ia 13,000, three-pbaee, 60 
cycles; secoodary 220 volts, two-phase. The substation is located 4800 ft. from the 
main distribution line. 

Substation Costs 
Two 100 kva. General Electric traosformere, one Wcstinghouse meter. Delta 

Star switches and fuses Sl,fi00.00 

Poles, croBB-arms, insulators and hardware 37.56 

One set General Electric electrolytic aluminum oell arresters 365.50 

Copper for bus 12.50 

Fence and miscelloneotis 60.00 

Labor DO.OO 



S3,054.S6 



Tot^ cost of extension plus substation $3,014.57 

Cost per kilovolt-ampere (extension plus substation) IS.OO 

Cost per kilovolt-ampere (substation only) 10.00 

Contract Data 

Duration of contract Five yean 

Horsepower contracted for 250 aggregate normal rat«d capacity in moton 

Hours of service Twenty-four for eight months 

Service eha^e per kilowatl^hour used Il.O mills 

Guaranteed minimi im payment Sl.SOO.OO 

Actual kilowatt- hours consumed per annum 173,300 

Power is used for the manufacture of fertiliser. The following moton are operated: 
One 150 hp. General Electric form P slip-ring; one 35, two 25, and three 5 hp. General 
Electric form K squirrel cage. Tranefonnen are Scott connected. 

Table 36 — Cost of Sdbstation Construction to Serve a Cotton Baqoinq and 
Waste Mill 

The installation required is rated as 750 kva. The primary voltage is 13,000, Haw- 
phase, 60 cycle; aeomdary 550 volts, three-phase. 

Cost of Extension 
One Weatinghouse polyphase meter; one curve drawing wattmeter and equip- 
ment % 4S0.00 
Nine disconnecting switches 99.00 
No. 4 H. D. copper guys and strains 96.36 
R. C. wire lOOJU 
Poles, cross-arms, insulaton and hardware 96.00 
Conduit 93.S0 
Labor 160.00 

Total coet of extension Sl,098.75 
Contract Data 

Duration of contract Five_yeara 

Horsepower contracted for 970 maximum 
Hours of service Twenty-four for twelve months 

Service charge per horsepower per month S1.25 

Guaranteed minimum payment C750 yeariy 
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The oiutom^ fumlstied the subatatictn, tranaformerB and all such equipment. The 
contract is Tor secondary power to be used aa foUowB : In the bagging mill by one 200 hp. 
General Electric synchronous motor; four 3fi hp. and two 50 hp. General Eleotrio 
squiirel cage motors; in the waste mill by one 100, one 75, two 50, two 35, and two 5 hp. 
Cteneral Electric squirrel cage induction motors, and five 20, one 15, and two 35 hp. 
General Electric squirrel cage induction motors used on hoista and miscellaneous ap- 
paratus. The meter is placed in superintendent's office, some 400 feet from installation. 

Taxu 36 — Cost or Substation Cohstbuction to Serve a Febtilueb Piant and 
Oil Mill 

The inBtallation required is rated at 600 kva. The primary voltage is 13,000, three- 
phase, 60-cycle; aeoondaiy 220 volts, tw»phaae. The aubstation is located 400 feet from 
the main diotribution line. 

StJBSTATioN Costs 

Two 300 kro. Westinj^ouae transformers $1,700.50 

Three General Electric type D7 fusee and switches 56.70 

Polea, inaulators, <nt)es-aniiB and hardware 43.00 

Copper for bus 88.78 

Meter and equipment 312.60 

Meter house 37.40 

Fence 25.00 

Labor 67.00 

Total coet of substation $2,330.98 

Cost of extension 258.00 

Coet per kilovolt-ampere, extension plus substation 4.31 

Coet per kilovolt-ampere, substation only 3.88 

Contract Data 

Duration of contract Pive years 
Horaepoww contracted for, 

200 on basis of 475. This basis to increase in same proportion aa motor in- 
stallation increaaes. 

Hours of service Twentj^four for eight months' minimum 

Service charge per horsepower per month $0.75 

Additional t^arge per kilowatt-hour used 5.0 mills 

Guaranteed mimmum paymeat $1,800 

Groee revenue from September to February $4,364 

The transformers are Soott connected and furnish powra for the foUowing motors: 
One 100, one 150, one 60 hp. General Electric slip-ring form M motors used in the press 
and lint«r rooms. Two 50 hp, Graeral Electric squirrel cage form K motors in the cake 
mill. The following General Electric squirrel cage form K motors: one 35 on an ele- 
vator, one 5 in shop, one 10 and one 15 in fertihser plant and two 150 hp. sbp-ring to be 
installed on liters. The above rates apply during the customer's operating season. 
Electric eatrgy used after the close of the regular operating season or during the period 
known as the dormant period, shall be paid for at the company's regular retail rates. 
Durii^; the operating season current used for lighting shall be billed under this contract; 
during dormant poiod to be paid at the company's r«^ar lighting rates. 

Table 37 — Cost or Substation Construction to Sehve a Cotton Oil Mill 
The installation is rated at 300 kva. The primary voltage ie 13,000, 60 cycle, three- 
phase; secondary, 220 volts, three-phase, llie installation is located 2450 feet from the 
main distribution line. 
17 
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Cost Itbus 

Three 100 kva. Weetin^ouee transformerfl $1,360.00 

Three 16,000 volt, 30 wnp, Geoeral Klectric type D7 switches and fuaw 66.10 

Poles, insulators, craM-Brms and hnrdwsre 36.W 

Copper fOT bus 14.48 

Watt-hour meter and equipment 130X10 

Labor 45.00 

Fence, paint and miBoellaneoua 40.40 



Total cost <rf extension plus substation $2,538.00 

Cost per kilovcdt^^mpere (extension plus substation) 8.46 

Cost per kilovott-ampere (substation otHy) 5.54 

CoNisACT Data 
Duration of contract Two yean 

Horsepower contracted for 350 

Hours of service Twoity-four for ei^t months 

Service charge po' Idlowatt-hour 8.8 milh 

Guaranteed minimum payinmt $1,360.00 

Gross revenue per eight months 4,992.00 

The above rates apply during customer's operating season, the customtt bung allowed 
to discomiect service, and no charge being made during the shutdown or dormant period. 
The power >e used for cotton-seed houses and oil okiU. The plant operates the following 
motcHs: One 100 and (me ISO hp, slip-ring General Electric form M; one 10, one 76 and 
three 60 hp. squirrel cage General Electric form K, and two GO hp. dipping lona H 
Wagner motors. 

Tablb 38 — Cost of Substation Cokbtbcction to Sertx Attto Tibx Plaot 

The installation required is rated at 300 kva. The primary voltage is 13,000, tht«ft- 
phase, 60 cycles; secondary, 220 volts, two-phase. Thesubstation is located 4000feei 
from the main distribution line. 

Substation Costs 
Two 150 kva. General Electric traosfonnrav and Westin^ouse meter $1,350.00 

One set Delta Star fuse switches and arresters 160.00 

Disconnects rack and ctqiper for bus 86.00 

Meter box 35.00 

Poles, CToee-arms, insulators and hardwan 21.00 

Fence and miHcclianeous 30.00 

Labor 648.00 



Total cost of extension plus substation $3,096.00 

Cost per kilovolt-ampere (extenuon plus substation) 10.30 

Cost per kilovoltr-ampere (substation only) ' 5.76 

CoNTEACT Data 
Duration of contract Five years 

Horsepower contracted for 200 

Hours of service Twenty'^oui for twelve months in 1915 

Service chane for horsepower per annum S9.(K) 

Additional cbar^ per kilowatt-hour used 1.0 cent 

Guaranteed minmium payment $160 po" month 

Actual kilowatt-hour consumed per annum 138,596 

Gross revenue per annum $2,132.00 

The transformers are Scott connected, furnishing power for the ft^owing motors: 
One 150, one 75, one 35 and five 5 hp. Wcstin^ouse slip-ring and two 7}i bp. 
General Electric squinti-cage motors. 
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T4BLX 30— CoBT or Substaticw CoNersucriON tor Cotton Oil Mill and Gin 
inatoOation called for a total ratini 
phaee, 60 cyolee; secondary, 550 v 
ftSOO it. from the main distribution line. 

Substation Coera 

Three leO-kva. General Electric transformas t2,6S0.50 

One set of Delta Star arrestera and fuses 150.00 

C(4>per for bus 30.59 

Three disoonnectA 31^ 

Two meters 80.00 

Pides, CToaa-arms, insulatora and hardware BOM 

Labor 170.00 

Fence, paint and miscellaneous 40.40 



Cost of ezt^tsion plus substation $6,251.00 

Coat per kilovoH-ampere (extension plus substation) 11.70 

Cost ptt Idlovolt-wnpere (substation only) 7.10 

Contract Data 
Duration of contracts Five Tears 
Horsepowo' contracted for 480 
Eoun of service Twenty-four 
Sovice charoe per horsepower per month S0.7S 
Additional <£e^^ per kilowatwiour used 5.0 mills 
Gusnuiteed minimum payment $1,800.00 per year 
. Actual kilowatt-hours consumed per year 1,091,094 
Gron revenue per year $6,659.00 
The metering is done on the secondary side of the transfoimras. The power is used 
b^ the following General Electric motors: Two 50, one 75 form K squirrel-cage induc- 
tion motoTsi one 75, one 100 form M dip-ring nuitom; one 200-hp. form L internal 
resistance induction motor. 

Tabld 40 — Cost or Substation Conbtbuction to Sbevb a Kaolin Miks 
"nie installation required is rated at 150 kva. The primary voltage is 13,000, thre»- 
phase, 60 cycles: secondary, 5S0 volts, three-phase. The substation is located 7S00 ft. 
from the main dutribution line. 

Spbbtatiqn Costs 

Three SO-kva. General Electric transformera $963.00 

Burke hom-ty^ switcbee, fuses, disconnects 300.00 

Meter and equipment (Weetici^ouse) 220.00 

Potes, insulators, croas-arms and hardware 51.60 

Copper, guys, etc. 21.91 

Labor 38.00 

Fence, transportation, misodlaneous 4B.00 

Meter house S7.40 



Total station oosts 
CoBt of extension 


$1,681.00 
1,372.00 


Total oost extension and station 
Cost per kilovolt-ampere (station only) 


$3,053.00 
20.36 
11.20 


Contract Data 
Duration of contract 

Houn of service 

Additional chw^ per kilowatt-liour 


Twoyeais 

100 

Twenty'^our for twdve montha 

$0.75 

11.0 mills 

$100.00 per month 
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Metering ia done on the primary aide of the tnmsTonnen. He customer fumiahed 
right-of-way Cor power linee. Power used by Wagner slip-ring motors for hoists, ahoveb 
to remove uie over-burden, grinding and conveying the product, in th« mining of kaolin 
(disJk), which ie aold for peixa making. 

At tJie eroiration of the contract the customer has the privilege of renewing from year 
to year at the above specified rates. 

Pdm forjmwo' line are qiaoed from 200 to 300 ft. apart. 

Tablx 41 — Cost op Substation Constbdctiox to Sbbvs a Silk Miu. 
Thia iDstalUtion is rat«d at 225 lcv&. Theprimary voltage is 13,000 three-phase, 60 
cycles; secondary, 550 vdts, three-phase. Tae substation is located 250 ft. from the 
main distribution line. 

Cost or Installation 
PoleSj cross-amis, insulators and hardware S10S.60 

Westm^ouse grwhic and watt-hour meters, current and potential transformers 450.00 
Meter, twi, triLnrformer. framework, etc. 65.00 

One set Delta star switches, fuses and arresters 150.00 

DJsconnectB 66.00 

Wire and conduit 76.00 

Labor, punt and misoell&DeouB 150.50 



Total cost 


Sl,062.70 


Cost per kilovolt-ampere 


K.70 


Contbact Data 




Duration of contract 


Five years 




214 in the day and 27 at night 




S26.00 of maximum demand 




$1,200.00 po' year 


GroB revenue for twelve months, 1915 


$2,462.00 



Hie customs furnished transformers and contracted for primary power. In event 
seoondaiy power is used the rate ie to be reduced to $1.25 per month per horsepower and 
minimiiin charge to be $2,400.00. If primary power for a maximum demajid of 200 
horamower is ined the rates will be $20 per year per horsepower of maximum demand 
and the """iiniim charge shall be $4,000 per year. General Electric form K squirrd 
cage molota an used. 

Tablb 42^-Cobt of Extbnsion Construction to Sebvb a Cotton Miix 
Theprimaiy voltag 
«. lae substation 
a distribution line. 

Cost or Extension 

40-ft. poles $16.00 

Cross-aims, insulators and hardware 45.20 

I^OGonnects 72Jn 

No. 2 H. D. copper SO.O0 

Labor B2M 

One Westinghouse graphic meter 111.06 

One Weetinghouse watt4iour meter 37.94 

Two potential transformers 229.31 

Two cunent transformers 71.64 

Total cost $685.14 

Contbact Data 

Duration of contract Five years 

Horsepower contracted for 737 in the day and 134 at night 

Hours of service Twenty-four 
Service charge per horsepower per month 

$1 per horsepower of maximum demand ot optiontd $0,015 per kilowattr-hour 

Actual kilowatt-hours consumed in 1916 1,896,060 

Gross revenue on demand basis $9,985.00 

Guaranteed minimum payment $5,100 per year 
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Secondary power is contracted for, and if at any time & change ia made oaUing for 
pdmaTy power the cost will be S1.50 per horsepower per month. The equipm^t of this 
mill consists of the following motois, which drive some 27,000 Bpindles: tJiree 7fr4tp., 
twelve 50^p., and one &4ip. form L, General Electric mill motors. 

Cost of Iron I^pe, Outdoor Substations. — The cost of constructing small 
outdoor substations such as shown in F^. 132 and 133, are ^ven in Table 
43. These subetations are operated on the system of the Ohio Service 
Company and eerve Lndustrial loads in Strasburg and Dennison, Ohio. 
The supports are made of standard pipe assembled at sm^l cost by the 
line crew. 

Table 43. — Cost or Ttpical SoBSTATioira or Omo Ststmu 
Cosr or 150-kw., 13,200-Volt Scbbtatiok (See Construction Drawing) 

80 ft. 6 in. pipe (seoond hand) at 60 cents per foot S1S;00 

Oiannels, Koglee, bolts, etc. 40.00 

Wood plankings and busbar supports ISJXI 

Foundation, concrete, etc. flO^OO 

Labor, erecting, etc. Sfi.OO 



Structure expense f ISfi.OO 

Three 50-kw. transformera 1,126.00 

One electrolytic arrester 326.00 

One Delta Star C. R. E. three-phase unit 210.00 

Idbor, freight and electrical connections 30.00 

Electrical expense (1,600.00 

Total substation coat 1,848.00 

Cost per kilowatt installed 232 

Cost or 300-kw., 33,000- vour Substatiok (See Construction Drawings) 
Structure — S in. pipe and fixtures tlSS.OO 

Three 100-kw., 33,000-volt transformers »2,000.00 

Electrolytic arrester 600.00 

One Ddta Star three-phase C. R. E. unit 310.00 

Labor, frei^t and electrioal connections 46.00 

Electrical expense $2,955.00 

Total substation cost 3,140.00 

Cost per kw. 10.45 

Unit Costs of Small Outdoor Substation Equipment. — As outdoor sub- 
stations increase in size the cost per kilowatt rapidly decreases. The costs 
of two installations serve as an example: A 25-kw., single-phase, 22,000- 
volt, 25-cycle substation with wooden poles and platform construction 
installed, cost approximately $22 per kilowatt, or S550. This cost includes 
the following items: Transformer, $13 per kilowatt; switching and pro- 
tective equipment, S5 per kilowatt; structure material and labor, $4 per 
kilowatt. A 900-kw., three-phase, 22,00(>-volt, 25-cycle steel-tower sub- 
station installation cost $4,398.18, this being $4.88 per kilowatt, divided as 
follows: Material cost, including transformers, $4.33 per kilowatt; labor 
cost, 55 cents per kilowatt. The labor cost on this particular station in- 
cluded hauling the transformers a considerable distance over poor roads, 
which constituted practically half the total labor cost. 
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Fig. 132.— CoDstniction of a 33,000 Volt Outdoor SobetatioD to Serve Industrul Loada 
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E^g. 133.— CoDstruction of a 13,000 Volt Outdoor Substatioit to Serve Industrial Loada 
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For stations from 50 kw. to 3200 kw. at 13,200, 22,000 and 33,000 volts, 
three-phaae, the coats per kilowatt of the complete high-tension switching, 
fusing, choke coil and lightning arrester equipment are g^ven in Table 44. 



Tablk 44.— Nrr CoaiB rxs 






Bios-tension Sidb (Delta-Stab Elecimc Cohpakt, CmcAoo, III.) 


VoLijm 




Con Pmb Kw. in Doluv 




araixK*. 










A 


B 


C 


D 


E 


13,200 


SO 


$5.00 


16.00 


$6.90 


«0.022 


S3,50 




100 


2.32 


3.07 


3.62 


0.0138 


1,75 




250 


1J» 


1.26 


1,45 


0,008 


0.89 




500 


0.50 


0.06 


0,75 


0.0053 


0.35 




1000 


0.28 


0.35 


0,40 


0.0037 


0.18 




2000 


0.15 


0.19 


0,21 


0,0022 


0.12 


22,000 


50 


5.50 


7.30 


8.20 


0,022 


3.60 




100 


2.75 


3.65 


4,10 


0.011 


1.75 




200 


1.40 


1.86 


2,06 


0.0060 


0.88 




400 


0,72 


0,95 


1.06 


0.005 


0.44 




800 


0.40 


0.52 


0,57 


0X>133 


0.22 




1600 


0.23 


0.27 


0,30 


0.0024 


0.11 




3200 


0,14 


0.15 


0.16 


0,0014 


0.00, 


33,000 


SO 


6.00 


8.00 


9,80 


0.022 


3,50 




100 


3.26 


4.26 


4.90 


0.011 


1.75 




200 


1.70 


2.10 


2.50 


0.0143 


0.88 




GOO 


0.74 


O.M 


1.07 


0.0135 


0.36 




1000 


0.40 


0.60 


0.57 


O.0O39 


0.22 




2000 


0.21 


0.27 


0,30 


0,003 


0.11 ■ 



Column A covers the cost of double break per phase, three-pole switches 
and simple horn-gap arresters. Column B gives data for an installation 
which is the same as A, except that the arresters have limiting resistors in 
the grounded circuit. Column C presents data for equipment which is the 
same as A, except that arresters are of the high-speed sphere-gap resistor 
type. Column D gives the cost per kilowatt per phase of chemical fuse 
renewals. The cost per kilowatt of hot galvanized steel tower frames is 
given in column E. Especial attention is called to the rapid decrease in 
cost with increase of transfonoer rating. 
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CHAPTER VI 
SYSTEM OPERATION Aim ECONOMICS 

Relay Protection. — The|coDtrol and operation of electrical distribution and 
transmission systems, which are continually becoming more complicated, 
present engineering problems in the proper design and installation of pro- 
tective apparatus which demand the most careful attention. Much depoids 
on the continuity of service, and protective apparatus is now designed with 
this in view. Experience has shown that no single part of an electrical sys- 
tem is free from the possibility of injury, either accidental or unavoidable 
as may be the case. The expensive machinery and apparatus used in 
modem central stations and long distance high-voltage transmission make 
it absolutely necessary to provide reliable automatic means for disconnecting 
generating units, transformers, [transmission lines and distributing feeders 
at certain critical moments, both for the protection of the apparatus itself 
and for the maintenance of an uninterrupted and successful operation of 
the system. 

A large number of different types of relays are in use, but only the essen- 
tial designs in ordinary use need be discussed. The protective relay may 
be of the open or closed-circuit type. Either may be instantaneous or have 
a time-limit in its action, and types are available for single-phase, two-phase 
or three-phase circuits. Two series transformers and two single-phase 
relays or a double-pole relay are required for a two-phase circuit. For a 
three-phase circuit three series transformers may be required to protect 
the circuit though usually only two series transformers and two single- 
phase relays or one double-pole relay will provide adequate protection. 
The following considerations are important for the protection of station 
apparatus and lines. 

Generators. — Usually, generators are not arranged for automatic dis- 
connection from the system which they supply, upon the occasion of a fault 
developing within their windings or their connections to the main buses, 
as in the cables, etc. With the great amount of power being concentrated 
in some systems of today, it becomes advisable, therefore, to sectionalize 
the buses with current-limiting reactances, or even introduce external cur- 
rent-limiting reactances in each separate generator, in order to limit the 
amount of short>-circuit current which may flow into a fault. If relays are 
used, their action will be somewhat slower inasmuch, as the current flow 
will be considerably less, thereby giving selective action, Keverse current 
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rela^ are used in many cases to operate signals to indicate reversal of cur- 
rent in generator circuits, but under all conditions the judgment and move- 
ments of the operator are usually depended upon for proper operation of 
the generator switches. 

It is of utmost importance to keep the generators in aerrice. In general, 
therefore, as the possibility of trouble between the generators and the buses 
is rather remote, the switches may be non-automatic or equipped with 
definite time limi t relays and arranged to trip the generator switch as a 
last resort, after the automatic switches more remote from the generators 
have failed to isolate the trouble. For a very simple transmission system 
GOi&isting merely of one generator and step-up transformer, a single trans- 
mission line and step-down transformer, it is self-evident that the only pro- 
tection required is an automatic generator switch which should preferably 
be provided with the time limit relay (either of definite or inverse action) 
BO as to prevent the tripping of the switch on momentary short-circuits, 
such as the swinging tt^ether of the line conductors. 

Power Transformers. — Power transformers developing internal short- 
circuits in a group of two or more operated in parallel, may be selectively 
disconnected from the circuit by an instantaneous relay sufficiently sensi- 
tive to operate on a small current reversal, in order to minimize damage. 
Oil switches should always be installed on both sides of transformers. In 
case of trouble in one group selective action should be provided so that the 
injured group can be disconnected immediately without interrupting the 
other groups. Ordinarily this is accomplished by means of instantaneous 
differential relays, consisting of two coils connected to current transformers 
in either side of the transformer groups. The effect of one coil neutralizes 
that of the other, but on a reversal of current through one of the coils, 
each coil assists the other in operating the relay, thus instantaneously 
openii^ both the high-voltage and low-voltage transformer switches. For 
protection against overloads, inverse-time-limit relays are usually installed 
for the low voltage transformer switches and instantaneous differential 
balance relays for the high-volt^e switches. When a short-circuit occurs 
in one of the groups, the relay for its high-voltage switch will then act on 
the reversal of the current and instantly open the switch, at the same time 
locking the relay of the other high-voltage transformer switches, and thus 
prevent them from opening on overload. The low-voltage switch of the 
faulty group of transformers therefore opens, thus selectively disconnecting 
the injured group before an interruption of the electrical service takes place. 

Relay Protection for TransmissioD Lines. — Invariably transmission sys- 
tems are eventually extended to include territory not planned in the original 
scheme for development, thus giving rise to peculiar operating conditions 
requiring special relay applications to obtain satisfactory selective action. 
At the present time a lai^e single high-voltage long-distance transmission 
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line 18 seldom found. The general practice is to operate two or more trans- 
miesioB lines in parallel, either of which will carry the entire load under 
emergency conditionfi, thus calling for a ftlay to cut out automatically the 
faulty line or section of line without interrupting service. Relay protection 
for transmission lines varies with methods of operatii^ different systems, 
but in general either instantaneous inverse-time-limit or definite-time-limit 
types of relays are used. 




For systems operating radial feeders, with each feeder connectii^ to 
only one substation and not operating in parallel at the substation ends, 
reasonably satisfactory service has been rendered by the types of relays 
referred to above. In systems operating ring-systems of feeders, or radial 
feeders with several substations in tandem on a ungle feeder, where selec- 
tive adjustments are required between different relays in order to prevent 
interruptions of service from all stations between a fault and the source 
of power, satisfactory results have not always been attained with any of 
the above-mentioned types of relay& 
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Sorrice Protection by Relays. — As an example of the Bervice posmble 
from a correctly deaigned system of aectionalizing relays may be cited the 
case of a long-diataace transmission company supplying power to an im- 
portant industry which a few years e^o suffered more than 25 interruptions 
annually. A systematic study of the sectionalizing problem was made, 
which resulted in a comparatively small expenditure for relays and a slight 
rearrangement of switching apparatus. As a reward for this work the ser- 
vice to the important customers on the system is now almost perfect, and 
the company officials expect in the future not more than one interruption 
annually from all causes. This system contains more than 1400 miles of 
transmission line and suffers not less than 100 short-circuite and grounds 
per year; nevertheless, the chance for an extensive interruption from line 
trouble is now much less than from an accident in a generating station. 

Such service frequently pays for itself in a conspicuous way, as in the 
case of a hydroelectric system which for years had maintained an auxiliary 
steam plant on a hot stand-by basis. As the result of the installation of a 
c<MQplete automatic sectionalizing scheme it was fotmd possible te place 
this plant on a cold stand-by basis, thus effecting a large saving. 

Another direct financial benefit from a relay installation is the savir^ in 
copper which results from the use of a closely inter-connected system. Some- 
times a power customer demands a separate set of feeders from the generat- 
ing station, in order that his service may not be disturbed by troubles on 
the remainder of the system. Such practice requires an uneconomical 
amount of copper because the diversity factor of the system cannot be 
utilized. A proper equipment of relays will allow the use of tie lines and 
of other inter-connections, with the result that more load can be carried and 
the service to each customer will be improved because more sources of 
power will be available. 

The object of protective relays is to secure continuity of service, and this 
applies whether the relays are installed bo as to disconnect defective sec- 
tions of line or to disconnect apparatus which is in danger of causing 
trouble or which has already become a source of disturbance. Althou^ 
the apparatus and methods used are continually permitting more reliable 
service, at the same time electrical systems are increasing in size, with a 
resulting increase in causes and chances for disturbance. It is, therefore, 
necessary to install sectionalizing devices before perfect service can be 
secured. 

laterruptions. — ^Any disturbance which will cause a loaded induction 
motor to stop may be called an interruption. The disturbance that can 
be withstood depends upon the nature of the load and the characteristics 
of the motor, but it may be safely stated that any motor can have the volt- 
age at its terminals reduced to zero for at least two seconds without affecting 
it. The only method of handling disturbances which will be considered 
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will be the method of automatically disconnecting any secUon of line or 
piece of apparatus which is creating trouble. Other methods of clearing 
disturbances without disconnecting the lines may be used, such as the use 
of arc Buppressora and 
voltage-killing devices. 
It should be further real- 
ised that existing types 
of relays cannot clear 
grounds unless they 
amount to short-circuits, 
as in the case of a 
grounded neutral system. 
A ground on an Isolated 
neutral system will not 
ordinarily cause an inter- 
ruption unless it should 
develop into a short-circuit, in which case sectionalizing relays will operate. 
Fuses. — For protective purposes fuses are invaluable for some applies^ 
tions because of their quick action when a short-circuit occurs, a feature 
which is particularly important on high-voltage systems where the current 
to be handled is small and the large circuit breakers which would other- 
wise be used are slow 

in operation. The 
characteristic action 
of a copper wire fuse 
is shown in Fig. 135. 

Circuit-Breaker 
Characteristics. — A 
small circuit breaker 
which is equipped with 
an instantaneous over- 
load trip coil can be 
made to operate very 
rapidly. The trip coil 
itself will release the 
latch in less than one 
cycle when a heavy 
shoriHiircuit occurs. 
The time required for 

a circuit brewer to open the circuit depends, of course, upon its size and the 
inertia of its moving parts, but for large capacity motor-operated or solenoid- 
operated circuit breakers having a rating of 15,000 volts or less it is between 
0.2 and 0.3 seconds. The curves in Fig. 136 show the characteristics of such 
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circuit breakers, although they may be altered materially if the operating 
voltage is low or the spring adjustment and other mechanical features are 
changed. Most of the time is consumed in energizing the trip coil and in 
overcomii^ the inertia of the moving parts, so that a 150,000 volt circuit 
breaker having a longer contact travel should not require much greater time 
to operate than is required by a low-voltage breaker. 

Sin^e Source of Power — Radial Distribution System.— The method of 
applying time-limit relays will first be conudered for a distribution system 
having only one source of power supply.* Fig. 137 shows a radial system, 
which consists of a number of feeders leaving the generator bus-bars, each 
feeder being in turn subdivided into a number of smaller feeders. The 
smallest branches may be automatically disconnected from the remainder 
of the system by the blowing of fuses or the operation of instantaneous cir- 
cuit breakers. The circuit breakers nearer the generator station are 
equipped with definite time- 
limit relays, the time interval ^ P 

betwe^ the successive relays ^ — 

being enough to insure a 
reasonable mat^ of safety 
above that required for the 
circuit breakers to operate. 
If, in addition to the variar 
tion in the operating of the 
switches, there is also an un- 
certainty in the operation of 
the relays, this time interval 

will become excessive, which empfia^zes the importance of accurate relays. 
In addition to securing discrimination on the part of the relays by means of 
a definite time feature, it is also possible to discriminate by the current set- 
ting, because trouble which occurs at the far end of one of the branch lines 
will not draw as heavy a current as though it were near the generating 
station. There is also a possibility of securing selective action by using an 
inverse-time-limit relay having a characteristic curve similar to that shown 
in Fig. 138. If the calculations are carefully made this relay will operate 
properly and its use will enable heavy short-cireuits close to the generator 
to be cleared sooner than they could be by the use of definite-time relays. 

When the inverse-time and the definite-time relay are combined so that 
they have the characteristic curve shown in Fig. 139, the combination is 
well adapted to this service, because either the inverse-time part of the 
curve or the definite-time part can be used, depending upon the conditions. 

* The HjrstemB of relay protection and layouts described In this and the fallowinR 
Mragraphs are t^en from an article in the July, 1916, Eleelrie Journal, on "Use a 
Protective Relctys on Alternating Current Syatema," by L. N. Cricbton. 




fig. 137. — Layout for Radial Distribution System 
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Feeder Layouts. — Another simple arrangement of feeders is shown in 

Fig. 140 which iUus- 
trates a eingje gm- 
erating station and 
substation connect- 
ed by a number of 
partUlel circuits. It 
lias been frequently 
stated that such a 
system can be pro- 
tected by the use of 
. inverse - time- limit 

I 8-4 relays at the end of 

each feeder, and the 
success of these r^ 
lays is supposed to 
be due to the fact 
that Uie particular 
circuit which is in 
uw i« o~i6W~i«>a^« trouble wiU draw a 
FKCMit hatd Rviuind to Trin much hcavicr cur- 

Fig. 138.— "Hme CharacteriBtios of BeUows Overload ReUy l"ent than do its 

with InTene-Time limit neighbors, with the 

result that the relay 

on the defective circuit will operate first. Experience has shown that this 

arrangement will not always operate properly. It will be seen by inspection 
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of Fig. 138 that the mverBe-time-limit relay can be depended upon only be- 
tween the limitB of the two dotted lines. For greater current v^ues it will 
not diacrimin&te, because it is prac- 



flg. 140.— L^rout of Pwalld Feeders 



tically instantaneous, and for 
smaller values it requires such a 
long time to operate that a serious 
interruption would occur before a 
defective line could be discon- 
nected. The result of such a limited 
range is that the relays cannot be 
adjusted to take care of all condi- 
tions when the connected generator capacity is changed. For instance, on 
a system having a load factor of 40 per cent., which is not unusual, the con- 
nected generator capacity at full load may be at least three times as great 

as the connected capa- 
cityatlightload. Fur- 
thermore, the setting 
of inverse-time-limit 
relays is made difficult 
by the' short-drcuit 
characteristics of tiie 
generators. InFlg. 141 
is shown how rapidly 
the short-circuit cur^ 
rent of a generator de- 
creases, and also shoira 
how difficult it would 
be to approximate the 
effective values of this 
current when setting 
relays. Inverse-time- 
Umit relays are thus 
shown to be impracti- 
cal for protecting par- 
allel feeders. 

The proper way to 
protect service against 
trouble on parallel 
feeders is to place re- 
verse-power relays at 
the substation end of each feeder, and definite-time-limit relays at the 
generator end, as shown in Fig. 142. This figure shows a system conaistii^ 
of a combination of parallel and radial feeders. Such a system may be 
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simplified until it Includes nothing but a generating station and a substar 
tion with two feeders connecting them. 

Ring System. — ^The ring system shown in Fig. 143 is similar to the case of 
two parallel feeders supplying a substation, except that each feeder is made 
to loop through a number of substations. On such a system definite-time- 
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Fig. 142.^Uee of Rcvetse Pover and Definite-Time limit Relays on Parallel Feedera 

limit reveise-power relays must be used, and the time limit of each sue- 
cessive relay should be increased by a sufficient amount to allow time for 
the circuit-breaker in the preceding substation to open. In the illustra- 
tion it has been assumed that one-third second is a sufficient time to allow 
for this purpose, but such a small setting cannot be used unless the relays 
are accurate. 




Hg. 143. — R«lt>y Layout for Ring System 

Systems Having More Than One Source <tf Power. — Such a system is 
shown in Fig. 143 with a generator placed at substation D. One difficulty 
would be encountered if the generator at A should be shut down and all 
the load carried by the generator at D. In this case the entire relay sys- 
tem would have to be readjusted, as shown in Fig. 144. Although this 



■dovGooi^Ic 



SYSTEM OPERATION AND ECONOMICS 



257 



example is a simple ODe, it illustrates the condition which occurs whenever 

a complicated system of distribution is encountered. It also illustrates 

the necessity for using relays whose adjustment can be quickly changed. - 

Parallel Feeders. — When parallel feeders are used, reverse-power relays 




,F1g. 144. — ^Relay layout for Ring System Having More than One Source of Pomi 

interconnected, as shown in Fig. 145, will give satisfactory service, irre- 
spective of the direction of the normal flow of power. In this method the 
current transformers on the same phase of all the feeders are connected in 
eeriee and each relay is shunted across its transformer. It is obvious that 
when the feeders are in good condition the current through the current 
transformers will be in the 
same direction in all of them 
and, as a result, very httle cur- 
rent will flow through the in- 
dividual relays because of their 
impedance. When one of the 
feeders fails, the current in it 
will be in the reverse direction 
to that of the others, or it will 
be much larger; in either case 
it will cause current to flow 
through the relay in the proper 



Fig. 145.— Protection tot Partkllel Tie Lines 



direction to trip the circuit breaker. The scheme must be used with caution 
because of the trouble which might occur if the current transformer leads 
have too much inductance or if the current transformer ratios are not ad- 
justed to suit any difference which m^y exist in the impedance of the va- 
rious cables. It is evident that if all the cables are not alike it will be 
necessary to correct for their dissimilarity by using current transformers 
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havii^ different ratios. When one of the feeders is disconnected it is 
neceasary to short-circuit its current transformers, which can readily be 
done by placing a small pallet switch on the circuit breaker. This should 
be done even when there are only two lines, in which case a line will be non- 
automatic if it is the only one left in service. This scheme will fail upon 
occurrence of trouble which short-circuits one end of a feeder and leaves 
the other end clear. These objections are of slight consequence, and this 
scheme is the only one which can be satisfactorily used without requiring 
pilot wires, split conductors, or similar devices. 

Networks. — The method just explained can also be applied to sections of 
a network such as^is shown in Fig. 146. The difficulties which will be met 
with in protecting the duplicate feeders have already been conudered and, 
for purpose of illustration, several other connections have been shown, 
although it is not to be assumed that these few examples cover ail the prob- 




^. 140. — Netwoik Distribution System and Relay layout 

lems which will arise in practice. In case of trouble, it b not always pos- 
sible to prevent automatic switches from operating when the feeder which 
they control is not affected, nor is there any objection to opening a few 
such circuit breakers if they will not cause an interruption to part of the 
load. It frequently happens that the problem of automatic sectionalizing 
can be very much simplified if, at the first instant of short-circuit, a number 
of circuit breakers are opened for the purpose of simplifying the operaUon 
of the remainder of the system. In Fig. 146, for instance, is shown a feeder 
between substations N and S, which normally assists in maintaining voltf^ 
regulation, but which could be dispensed with for a time if there should be 
trouble on the line. We have, therefore, assumed that the circuit breaker 
on section A in the substation N is equipped with an instantaneous relay. 
If it should happen that the trouble is on this section of line, the relay in 
substation 8 will operate after one-half second, and clear the trouble; but 
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if the trouble is not on this particular feeder no haitn will be done and the 
load which is supplied from it will not be interrupted. In order that syn- 
chronizing and other switchii^ on the system will not cause interruptions, 
it is assumed that the minimiitn time limit of one-quarter second is nece»- 
sary. If such a setting is used, and a short-circuit occurs at the point Z, 
the relay in sub-station N will require one-quarter second to operate, and 
there will be a further one-quarter second required for the circuit breaker to 
open. The relays at substation P will not b^in to operate until the switch 
at substation N has opened, because it is assumed that the short-circuit is 
close to the latter substation and there is, consequently, no unbalancing 
at substation P. There will, therefore, be still further delay of one-half 
second at substation P before the trouble is finally cleared. It is for this 
reason that the definite time limits in the tie feeders between substations 
P, S and T have been shown to be h^er than appears necessary at first 
fflght. With the setting shown in these substations it will require more 
than two seconds to clear a case of trouble should it occur in either section 
B or C. For ttiis reason it may be thought advisable to adjust the relays 
at substation T so that they have a lower time setting, with the result that 
one of them will ofKrate on practically aU cases of trouble, but, as in the 
case of section A, this will not result in any interruption of service; it will 
■ merely trip out a circuit breaker which can later be closed by the attendant. 

These illustrations show how to adapt relays to complicated systems, 
thus securing all the advantages which can be obtained from a cloee inters 
connection of stations and substations. 

PQot-Wire and Split Ctmductor Schemes — A number of years ago a pilot- 
wire scheme was proposed which operated from secondaries of current 
transfonners placed at the two ends of a feeder and whieh, consequently, 
required that a number of conductors be run between the substations. 
For cable systems it is said to give satisfactory results, but for long-distance 
transmission lines it is not reliable. It ordinarily makes use of standard 
overload relays. The use of split conductors has been applied more re- 
cently, apparently with good results. This scheme is applicable only to 
cable systems, and consists in splitting each conductor into two parts, and 
using a relay which operates whenever the current in the two halves be- 
comes imbalauced. A three-phase cable constructed on this plan contains 
six conductors instead of three, which not only increases the cost of the 
cable, but increases its size, thus requiring more investment in duct space. 
Althoi^h both the pilot-wire and the split-conductor schemes are reported 
to give satisfaction, there seem to be a number of conditions where failure 
is possible, and it does not appear that they can be any more reliable than 
the other schemes described. 

Calculation of Short-circuit Current — In applying any protective scheme 
it is necessary to determine the short-circuit currents which will be avoil- 
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able under all coDditions. It is unfortunate that the term "overload" has 
ever come into use in connection with sectionahzing distribution systems, 
because it implies that the relays should be set to operate at a value deter- 
mined by the normal load on the feeder. Such a setting is'possible if definite- 
time-limit relays are used, but where a relay having inverse-time charac- 
t«risticB is used it is necessary to consider the current which occurs during 
times of trouble, and which may be tens or even hundreds of times greater 
than the normal current. An approximate method of determining the pos- 
sible short-circuit current is by observing the voltage drop between two 
stations at normal load. 

Short-circuit current = — n — ^^^ Xload current, 
voltage drop 

For example, if a certain load current causes a drop of five per cent, in 
volt^e between a generating station and substation, the mwrimiim short- 
circuit current would be 20 times the load current. Results obtained in this 
way are likely to be too large, particularly on lines having high inductance. 

Table 45. — Rbsibtancb, Inddctance and Impedancb or Overhead Lims 
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Above valuee are to be used with voltage to neutral. Siiea No. 0000 to are stranded: 
others are solid. Based on 97 per cent, conductivity at 20 decrees C. or 67 degrees F. 
values in the Table wera computed on slide rule. 

The calculation of the short-circuit currents on a complicated system 
involves more or less approximation, and a good method is to prepare a 
table showing the impedance of each section of line and also of the genera- 
tors. These figures can then be combined in any way desired to determine 
the impedance of a particular path. In obtaining the impedance of several 
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sectiona of a system, the resistances aJid inductances must be added sepa- 
rately and the two sums combined vectorially. The inductance varies 
with the size of the conductors and with the distance between them, which 
in the case of a cable is determined by the thickness of the insulation. The 
characterifltics of cables can uaually be obtained from the manufacturers. 
A 15,000-volt No. 0000 cable at 60 cycles has an impedance about 23 per 
cent, greater than its ohmic resistance, whereas the impedance of a 150,000 
volt line having the same size copper conductore spaced 15 feet apart is 
about three and one-quarter times the value of its resistance. The resist- 
ance, inductance and impedance of aerial transmission lines having various 
wire spacings is given in Table 45, and Table 46 shows the resistance and 
impedance of various kinds of three-conductor cable. 
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Based on pure copper, 76° F. with an allowance of thiee per cent, for epiral path of 
eoaductors, 00 cydea per mcoud and standard thickness of varnished cambric insula- 
tion. Valuee are practically the same for other types of insulation. These Gguiee are 
also i^iproximately correct for 98 per cent, conductivity copper at 66" F. 

The method of computing the impedance of a circuit, including a line, 
generator and transformer, is shown is the following example: 
Aseume;— A 5000 kva., 60 cycle generator having 10 per cent, reactance drop. 

A SOOO kva. bank of transformers having one per cent. leeietance drop and 
five per cent, reactance drop. 
50 milee 45000 volt line No. copper conductore spaced four feet apart. 

AH valuea of lesistanee, reactance and impedance will be reduced to terms of 45000 
Volti. 

„„, , 6000000 „, 

FuU load "'™°*" V3X45000 " *™P*™ 
8tarvoltaEe-2e,100. 

Oerterator ChamderUiiei:— 

Reactance drop - 10 percent, of 28,100=2610 volts 

Reactance "-jiT"" 41 ohms. 
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Trantformer ChaneUrMiet: — 

Bonstance dr^-one pa cent, of 26,100-261 rolta 



Reactance dn»>- fire per cent, of 26,100— 1305 Tolts 
K«actance - -ftj- — 20 ohmfl. 

Z-60X0.7H-3S.7 
R X 

Geaer&iar Negligible 41. 

Tranaformer 4.1 20. 

Line 28.7 36J 

Total SO 96.7 obnu. 

£<- S50 
Z<- 9150 
2<-fi>+Z<-10,I00 HecceZ-lOOiiohms. 

The short-circuit current is therefore 26,100 + 100.5 - 260 amperes 
for the first instant. As shown in Fig. 141, the initial current will decrease 
until the sustained value is reached. In this example the sustained value is 
probably about twice full-load current, or say 130 amperes. If the line 
should have more impedance, or if leas generating capacity should be 
connected to the bus-bars, the generator reaction would have less effect 
in cutting down the current, and the calculated results would need less 
coTTectioo, 

Alternator and Transfonner Constants. — The characteristics of alterna- 
tors vary through a wide range, but it is usually assumed that their re- 
actance is about eight per cent., which allows a niR»imiim instantaneous 
shortKiireuit current of 12.5 times full load. The maximum sustained 
shortKiireuit current is usually assumed to be between 2.6 and 3 times full- 
load, although some machines, particularly turbo-alternators, are now being 
built wbich have a sustained short-circuit current of about 1.5 times full 
load. It is usually safe to assume that a transformer has one per cent, re- 
sistance drop and five per cent, reactance drop. 

Nature of Short-Circuits. — When making current calculations it should 
fUways be assumed that a short-circuit is due to a metallic connection be- 
tween the conductors. On a high-voltage aerial line using wooden pina 
and cro8»-anns it sometimes happens that an insulator is broken, with the 
result that the wood is gradually heated by the passage of the current 
through it until it finaUy bursts into fiame, thus causing an are between 
conductors. A little consideration shows that the flow of current is small 
until the arc is established, and that it is absurd to speak of automatically 
disconnecting a section of line which has such a high-resistance short-cur- 
cuit. It has sometimes been assumed that an are has a high resistance, but 
this is not the case, and in general the presence of an are at the point of 
short-cireuit will not decrease the short-dreuit current by more than a lew 
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per cent. Incidentally, it may be of interest to note that on a h^h-Tolt- 
age, ungTDunded-neutral system the capacity curreot to ground through an 
arc is greater than it is through a direct ground. There is only one case 
where a short-circuit is likely to increase in intensity as it develops, imd 
that is on a system where the neutral is grounded through a resistance; a 
cable break-down, for instance, frequently occurs first between one con- 
ductor and the sheath and the current flow may be limited by the neutral 
resistance; the trouble will quickly involve all the conductors in the cable, 
resulting in a heavy short-circuit, but it is possible that it will require an 
appreciable time to do this, in which case the relay operation may be un- 
satisfactory. This is particularly liable to happen if the neutral is not 
grounded at every substation. 

Relay Accura^. — A study of the preceding discus^on will show the 
necessity for the use of relays which are not only accurate and constant in 
their cWacteristics, but can also be adjusted to operate on small differ- 
ences of time. When the relays are individually adjusted and have the 
calibration curve marked on the nameplate it is posuble to set the relay 
to the desired value with only a few minutes work. The relay, having com- 
bined definite and inverse-time characteristics, is particularly valuable on 
large systems where constant chan^ng of the connections necessitates 
frequent changes in the relay settings. 

Effect of Low V(dtage. — The moat important requiremente of a reverse- 
power relay is that it should operate when the potential at its terminals is 
between one and two per cent, of normal. If we assume the case of a No. 
0000 cable normally carrying 300 amperes at 12,000 volts, connected to a 
generating station having a short-circuit current of 3000 amperes, the loss 
which would occur between the bus-bars and a metallic short-circuit 100 
feet from them would be 45 kw. per phase, or less than three-quarters of 
one per cent, of the relay setting. This shows the absurdity of installing 
relays which require a percentage reversal of five or ten per cent, to operate 
them. The proper way to construct a reverse-energy relay is to use two 
elements, one of them an excess current element which may be equipped 
with any time limit desired, and a selective watt element which is sensitive 
enough to indicate accurately which direction the power is flowing in the 
circuit, even at the lowest posEdble value of voltage. The co-operation of 
both elements ia necessary in order to trip the circuit breaker. The state- 
ment has frequently been made that a reverse-power relay cannot operate 
when there is no voltage, but neither can there be a flow of current unless 
there is a difference of potential. The problem is therefore nothing more 
than a question of securing a contact-making wattmeter which is sen^tive 
enough to operate on the small potential which is always present when s 
short-circuit occurs. The potential drop across the arc at the point of short- 
drcuit, although small, is in itself sufficient to operate inverse time element 
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overload and reverse power induction relays. Numerous tests have been 
made vhich show that when a cable breaks down, the arc through the in- 
sulating space between conductors will maintain a voltage of between one and 
two per cent., and it has been found that a higher voltage is mEuntained when 
the current is small than when it is excessive, a fact which materially asrasts 
reverse-power relays. It should be pointed out that on large systems it is 
practically impossible to obtain a metallic short-circuit because any small 
object which could be brought into contact with the bus-bare would be 
immediately destroyed. The only possibility for obtaining a short-cir- 
cuit which will lower the voltage to a point where reverse-power relays 
cannot operate is the case of an extra high-voltage system where the short- 
circuit current is so small that it cannot biun off a metallic connection. 
For instance, on a 150,000 volt system of some magnitude, the current at 
short-circuit may not exceed 500 amperes, which could be carried for some 
seconds by a telephone wire dropped across a transmission line. The 
possibility of interruption from this cause is remote, because a short-circuit 
across three wires will not often occur, and when only two wires are involved 
the low-voltage condition does not exist except on one phase. 

Effect of Unbalanced Short-circuits. — In the past the operation of reverse 
power relays has been somewhat unsatisfactory, because means were not 
taken to insure correct operation at times when the power-factor of the 
system was bad, due to unbalanced shortr^iircuits. As a result of several 
years' investigation, it has been found that the method of connecting 
reverse-power relays with their potential coils in star, as has been the usual 
custom, is theoretically incorrect, and the relays will fail to operate upon 
the occurrence of the most common form of short-circuit. When unbal- 
anced short-circuits occur, a large number of combinations of circumstances 
are possible, but it has been found that the most severe condition is when 
only two conductors of a three-phase line are short-circuited, and if relays 
will operate properly under this condition they will satisfy practically all 
the others. 

In Figs. 147 and 148 are shown in a rather incomplete way the vector 
relations on a simple electric circuit when a short-circuit occurs between the 
wires B and C. Fig. 147 shows at a the voltage triangle at the generating 
station and at b the voltage triangle some distance from the generating 
station. At c is represented the conditions at the short-circuit, and it will 
be seen that the long sides of the voltage triangle have closed in together. 
It will also be observed that the two star voltages, OB and OC, are in phase. 
Referring again to a, if the circuit has no inductance, the current which 
flows into the short-circuit will be in phase with the voltage BC, as is shown 
by the vectors 7b and 7c. If such a condition were possible, none of the 
relays at the short circuit could operate, because the power factor is zero. 
Since, however, there is always inductance in the circuit, the current will 
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lag somewhat, aa shown by the vectora I'b and I'c. The result of this is to 
caiue one of the relays-at the short-circuit to operate forwards and the other 
one to operate backwards. Fig. 148 shows the effect of an inductive load 
on the system. The short-circuit currents are shown by single prime vec- 
tors, and resultante of the short^ircuit currents and load currents by double 

AAA A t t 

(a) (6) (c) 




Fig. 147 
Fitfi. 147 and 148.— Vector Relations for Short Circuit o 
Loaded Circuit 



Fig. 148 
an Unloaded Circuit and on a 



prime vectors. The result of the load current on the system is te make 
less pronounced the e£Fect due to the shorfr-circuit, as will be observed upon 
comparing b in Figs. 147 and 148. In the former case one of the relays oper- 
ates backwards, but in the latter case both of them read properly. 

In the above explanation, the condition in only one line has been shown, 
and the question 
might immediately 
arise as to what differ- 
ence it makes whether 
or not one relay oper- : 
ates backwards, so 
loi^ as one of them 
operates to trip the 
circuit breaker. The 
answer is that the same 
condition exists in all 
the good sections of 
line adjacent to the 
trouble, with the result 
that thm circuit 
breakers will also be 
opened. 

One method of cur- 
ii^ this trouble is very . 
simple. Since the dis- 
torted conditionisdue 
to a single-phase being short-circuited, the relays should be connected with 
the potential coils across the same conductors which are causii^ the short- 
circuit. In other words, the potential coils should be connected in delta in 
accorduice with Fig. 149. Because the current will lag behind the voltage 
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when a Bboit-circult occurs, the connection should be so made that at unity 
power-factor the current in the current coils of the relays will lead the pot^i- 
tial by 30 d^rees. This connection not only overcomes the trouble from 
distortion, but it allows the relays at all times to operate under a higher 
power-factor. In order to make this connection satisfactory it is necessary 
to take into account the direction of the rotation of phases. 

The above discussion is not based solely upon the mathematical study of 
the problem, but is the results of actual tests made on a number of trans- 
mission lines where the reverse-energy relays connected according to the 
old method have not pven satisfactory service. Experiments have shown 
that this method of connection should also be used on systems having a 
grounded neutral. This connection (with the current 30 degrees ahead of 
the voltage) must be used with care on an ungrounded neutral system 
having a heavy charging current to ground. Difficulty may also be en- 
countered on some systems where the load current is leading. But in both 
these cases the short-circuit currents will be much greater than any pos^ble 
leading current and no difficulty due to incorrect operation of the reverse- 
power relays will be experienced if the excess-current elements are adjusted 
to operate only on short-circuits. 

Overload and Revetse-Currrat Relays. — ^Various manufacturers have in 
the past made a type of relay which would operate on a heavy overload in 
either direction and would also operate on a small overload in reverse direc- 
tion. Such a relay is occasionally desired for the purpose of limiting the 
amount of power which can flow into a piece of apparatus, but it is not 
satisfactory for line sectionaljzing and its manufacture has been almost 
abandoned. The principal objection to it is that its operation cannot be 
foretold when unbalanced short-circuits occur. 

Current Transformers Required. — To insure satisfactory protection on a 
grounded neutral system, current transformers should be placed in each 
wire, and it is advisable to do the same on an ungrounded neutial system. 
This is because two conductors in different phases of different sections of 
line are Ukely to be grounded simultaneously, thus resulting in a short- 
circuit which involves two line sections. For instance, suppose that 
phase A in one section of line becomes grounded and the resulting surge in 
voltage causes a breakdown in another section of line in phase B. If both 
of these wires should happen to be without current transformers, the short- 
circuit could not be cleared. This is not a fanciful example, but is one 
which occurs quite frequently on overhead lines, due to the simultaneous 
flash-over of two or more insulators. Even if no such trouble is feared, 
there is an advantage in using three current transformers and three relays 
at every swltchii^ point, because by such means additional insurance is 
provided against the failure of any one relay to operate. This applies 
particularly to reverse-power reljors imder conditions where only two wires 
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are short-circuited, because then one of the relays is operated under very 
low voltage. 

Potential Transfonners Required. — Two potential transfoTmers connected 
in V are sufficient to operate three reverse-power relays. On high-voltage 
systems it is sometimes inconvenient to connect potential transformers on 
the line ade of the power transformers, in which case they may be connected 
to the low-voltage bus-bars. If the power transformers are connected 
star-delta, the potential transformers should be connected the same way 
in order to bring the phases into the proper relation. 

Special Protection for Apparatus. — Traji^ormers. — In general, the cur- 
rent which can flow through rotating apparatus is limited to a reasonable 
value, and quick action in disconnecting such apparatus from the systenl is 
not essential. Transformers having low internal reactance are quite likely 
to be damaged in a few seconds if they are short-cireuited, and a'means 
of protecting them „,„„■_..„ 

against internal shorts 
circuits is shown in 
Fig. 150. The current 
transformers in the 
corresponding prim- 
ary and secondary 
leads have their ratios 
so chosen that the cur- 
rent is equal throi^ 
both secondaries. The 
normal current, there- 
fore, circulates 
through the two transformers and does not pass through the relay because of 
its impedance. If a short-circuit occurs uj the power transformer, the cur- 
rent through the current transformers will be reversed m direction so that 
it cannot circulate through them, but will flow through the relay and cause 
it to operate. It is possible that the ratio of the power transformer may be 
such that standard current transformers placed in its primary and secondary 
will not have equal secondary currents, in which case the difference between 
the two currents will flow through the relay. There is no particular die- 
advantage in this if the relay is given a sufficiently high current setting. 

Oeneralors. — Where generator protection is necessary agfunst the ex- 
tensive damage which will occur before a short-circuited generator can be 
disconnected by the operator, a scheme for connecting balanced current- 
transformers (F^. 151) similar to that shown in Fig. 150 may be employed. 
It will protect against occurrence of short-circuits in the generator windings 
or in the leads, and it will not introduce any risks of disconnecting the 
geaierator upon the occurrence of an overload; but it has the objection of 
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Fig. 160. — PnitecdoD Schema for a Transforms 
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requiring the openii^ of the generator winding at the neutral point, which 
is often difficult, and it cannot well be applied to delta-connected machines. 
It is believed that satisfactory protection can be obtained against generator 
failures by installing reverse-power relays to operate on a current slightly 
less than the sustained short-circuit value of the generator and with a defin- 
ite time-limit of say one-half second. This will not disconnect the gener- 
ator upon loss of field if it is carrying load, although it might discomiect it 
if it is unloaded. 

Motors. — The protection of motors has been thoroughly standardized, 
the only doubtful feature of existing practice being the often unnecessary 
use of the low-voltage release; a short-circuit on a distribution system 
frequently lowers the voltage at a sub-station to such a value as to have 




Rg. 161. — Protection Scheme tor » Generator 

the same effect as an interruption. If the system is properly sectionalized, 
a short-circuit should be cleared within three seconds, and practically any 
motor load will withstand such a disturbance without inconvenience. It 
is therefore obvious that the use of a device which will instantly disconnect 
a motor when the voltage falls to a low value does not assist in maintaining 
continuous service. It is better practice to equip the low-voltage release 
with a short time-limit, or to omit it entirely and depend upon an overload 
device for protection. 

The effect of a short-circuit on a distribution system should also be con- 
sidered when adjusting the overload device on a motor. When an un- 
balanced short-circuit, such as has been previously described, occurs on a 
system, all motors, both ^nchronous and induction, attempt to mtuntain 



■dovGooi^Ic 



SYSTEM OPERATION AND ECONOMICS 269 

a balanced voltage on all three phases. A motor under such conditions 
will receive power from the good phaaes and send it back into the line over 
the bad phase, with the reBult that the current in all three wires is excessive. 
Overload protective devices on motora should therefore have sufficient time 
limit to allow the sectionalizing circuit breakers on the distribution system 
to clear the trouble before the motora will be disconnected. 

Protecling Three-Phase, Star-Delia Trarisformers. — A three-phase bank 
of star-delta transfoimerB, having a grounded neutral, acts in a manner 
similar to an induction motor in that it attempts to mfuntain the voltage 
equal on all three phases. As a result, if a ground occurs on the distribu- 
tion E^tem, the star-delta transformers will supply current to the grounded 
wire, irrespective of whether these transformers are at substations or gen- 
erating stations. In other words, if a small bank of transformers is con- 
nected to a large system, and has its neutral grounded, it will be subject 
to short-circuit conditions every time there is a ground on the distribution 
system. For this reason banks of email transformers should have their 
neutrals isolated, not only because of the strain which frequent short- 
circuits throw on them, but also because of the service interruptions. 

The above argument applies principally to high-voltage systems, but it 
is necessary to consider the same conditions on a low-voltage four>wire 
system. Four-wire systems are usually used when a large amount of 
smgle-phase load is to be distributed, and as a result the voltage on the 
three phases is liable to be unbalanced. When a bank of delta-star trans- 
formers is connected, on to such a system, the question of grounding the 
neutral must be carefully considered. As a rule, it is dangerous to make 
such a connection if the transformers are small, but if they are large it 
may be advisable to utilize them to assist in maintaining bduiced voltage. 
The balancing is effected by drawing current from the hjgh-voltage phases 
and supplying it to the low-voltage phase, with the result that there is a 
flow of current through the neutral connection. The possibility of burning 
out the transformers can be prevented by installing an overload relay in the 
neutral connection and connecting it so it will sound an alarm or automatic- 
ally open the neutral. 

It frequently happens that star-delta transformers are comiected to the 
main circuibthrough fuses, and trouble is encountered when a single fuse is 
opened. If the transformer neutral is ungrounded, the load will operate 
single-phase, with the possibility of injuring the motors. On the other 
hand, if the neutral is grounded, two of the transformers will carry all the 
load at a much lower power-factor than normal. Usually there is no way 
of knowing that the fuse is blown, with the result that the transformers will 
continue to carry the overioad until they are destroyed. A relay installed 
m the neutral and arranged to give an alarm seems to be the best means 
of preventing the transformers from being damaged. 
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Protecting Snudl SubritUiotia, — It Bometames happens that a substatioa 
ia supplied by duplicate feeders which are equipped with reverse-power 
relays to operate in case of line trouble, and it is desired to install overioad 
relays which will open both circuit breakers in case of trouble on the sub- 
station bu»-bais. This can be done by installing overload relays in series 
with the reverse-power relay, but the time setting must be sufficiently high 
60 that the operation of the reverse-power relays will not be interfered witJi. 
A further disadvantage is that the setting of the overload relays must be 
changed whenever one of the lines is disconnected if it is dedrable to main- 
tain the same degree of protection. Both these objections can be over- 
come by instalUi^ an overload relay in such a way that it is operated by the 
total current flowing into the substation in the manner shown in Fig. 152. 

Details d Reli^ 
Construction. — The 
Plutmer Type of over- 
load relay, althougl) 
widely used for ample 
applications, such as 
the protection of mo- 
tors, is not adapted to 
the accurate work r&< 
quired in automati- 
cally sectionalizing 
distribution networks. 
Some of these relays 
now on the market 
have received a bad 
reputation because of 
their poor workmanship and design. One difficulty is that the continuous 
vibration to which they are subjected gradually loosen^ the set screws and 
other parts, with the result that they fail to operate at a critical time. It 
must be remembered that the force on the plunger increases as the square 
of the increase in current, with the result that the forces reach enormous 
values when heavy short-circuits occur. It is, therefore, no uncommon 
thing for relays of this type to be so seriously damaged by a lieavy short- 
circuit that they will not operate when another, milder short-circuit occurs. 
BeUotoa Type. — The plunger type relays which depend upon a bellows 
for their time limit are unsatisfactory, because an extreme ahortHiircuit 
compresses the ^r in the bellows until contact is made, and then at the 
zero point in the current wave, when the force on the plui^r is released, 
the wr in the tiellows expands and opens the contact. This "chattering" 
not only causes the contacts to be badly damaged by the arcing, but delays 
the opening of the circuit breaker. The definite-time relay is usually ao 
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deugned that, when the core is lifted, it compresses a spring which, in 
turn, acta upon the bellows. After the core has been lifted, the current 
required to hold it in the raised position is much less than that required to 
lift it, with the result that the relay will not reset until the overload has 
decreased to a current much smaller than the tripping value. 

Oil Dash Pot. — ^The plunger-type relay, having an oil-filled dash pot as its 
time-limit device, cannot be used for automatic sectionalizing because of 
the great change in the viscosity due to changes in temperature. 

Expense of Adjustment.~-An objection to the use of all such relaj^ is 
that the expense of adjusting them for accurate work is oftentimes greater 
than the coBt of the relays themselves. It is possible that an automatic 
sectionalizing scheme could be so laid out that time limits varying by steps 
of one to two seconds could be used, in which case the bellows type of relay 
might be sufficiently accurate, but such accuracy could not be obtained 
except at considerable expense. In order to adjust relays of this type it is 
necessary to disconnect them from the circuit and connect them to a test 
circuit which, in many cases, is not easy to obtain. In addition, a chrono- 
graph, ammeter and control device are necessary. Needless to say, such a 
calibration must be made by a skilled tester. If a change in the time limit 
is later required it is necessary to repeat the entire process. 

Indvetion Type. — ^The best feature of the induction type of overload re- 
lay is its remarkable accuracy and permanence of calibration. The use of 
permanent magnets as a time-limit device prevents over-swinging and 
chattering of the contacts, and the construction is such that the relay will 
instantly cease its movement when the overload disappears. There is do 
possibility of mechanical injury due to excessive currents when the torque 
compensator is used, because the saturation of the iron prevents the me- 
chanical forces from increasing beyond a certain amount. 

Ease of Adjustment. — The current and time adjustments of the induction 
inverse time element relays are plainly and accurately marked and any 
desired change can be made at a moment's notice. This is a feature much 
appreciated by the operating man who is responsible for the successful 
operation erf the automatic sectionaUzing devices on his system. He can 
personally check the setting of every relay and thus be sure that no in- 
correct operation will result due to the carelessness or incompetence of an 
assistant. 

Belay Contacts. — One difficulty in relay operation which requires con- 
sideration is that which occurs due to the bumii^ of the contacts when 
heavy tripping currants are handled. The tripping circuits are, as a rule, 
highly inductive, and an arc which would be formed due to opening such a 
circuit will persist for a considerable length of time, and thus cause an un- 
necessary amount of burning on the relay contacts. For this reason it is 
necessary that the tripping circuit be opened by an auxiliary switch fastened 
to the circuit breaker in such a way that the opening of the cireuit breaker 
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automatically opens the tripping circuit. It aometimes happeoB tliat 
large circuit breakers require a much heavier current to trip them than can 
safely be carried by the relays. This difficulty is overcome by the use of 
an auxiliary relay switch which is operated by the protective relay and 
which closes the tripping circuit of the main circuit breaker. A relay 
switch is also used when it is desired to trip several circuit breakers from 
one relay. 

iSeries Trijyping. — The usual method of trippii^ circuit breakers is by 
means of a trip coil operated by direct current, and for this purpose relays 
known aa "circuit-closing" relays are used. Where a source of direct- 
current power is not available it has been customary to use "circuit- 
opening" relays which normally short-circuit the trip coil of the circuit 
■ breeJter — when the relay operates; it opens this short-circuit and allows 
current from the current transformer to energize the trip coil. In theory 
this scheme operates very nicely, but in practice it has been found that the 
short-circuiting device is quite likely to develop a high resistance in its 
contacts, which will cause the trip coil to operate when there ia no occasion 
for it to do so. Up to the pre8ent( 1916) no satisfactory circuit-opening 
protective relay has been placed on the market, a statement which can 
easily be proved by referring to the changes which manufacturers are con- 
tinually making in the design of this type of relay. All the difficulties 
which occurred with the circuit-opening relay have been overcome by the 
development of the "direct-trip attachment," which utilizes current from 
the current transformer to trip the circuit breaker, but which operates 
with a circuit-closing relay. 

Load on Inatrument Transformer. — When selecting a relay for use on 
current transformers which also operate instruments, it is important to 
consider the load which the relay places on the transformer. The induction 
type of relay requires a smaller amount of energy than does any other type, 
a feature to be appreciated when bushing-type current transformers are 
used. When transformers of this type are heavily loaded their ratio ia 
not constant and there b also a noticeable difference in phase between the 
primary and secondary current. Reverse-power relays such as the West- 
inghouse adjustable definite minimum inverse time element design re- 
quire such a small amount of energy that the phase angle error will not 
be great enough to affect their operation even if they are used on bushing- 
type current transformers having a small ratio of transformation. 

Convenience in Testing. — In selecting a reverse-power relay it is not only 
impori^ant to obtain one having satbfactory operating characteristics, but 
the question of convenience in checking its connections must be considered. 
If the relay is a sensitive one, it can be tested by feedii^ a small amount of 
power through it in the reverse direction. On some systems the power 
loss in a bank of transformers located on the line side of the relays may be 
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sufficient to cause their selective elements to operate backwards and thus 
test their reliability. On the other hand, a relay which requires five or 
ten per cent, reversal of power in order to operate it cannot be tested except 
at great expense, and it is usually necessary to determine by more or less 
costly experience whether or not the relays are connected backwards. 

Transmission Line Economics. — Conductors in long distance transmis- 
Bion lines constitute the largest item of investment and directly affect the 
kilowattr-year loss of energy, that is, the value of energy lost in trans- 
mission continuously. As a decrease in investment demands an increase 
in the oost of power station apparatus, etc., producing the extra energy tost 
in the line (and probably, operating expense), it is evident there must be 
a point where the cost of conductor material and cost of lost energy wilt 
cross, that is, be of equal value. Since every conductor dissipates a certain 
amount of energy the most economical size will depend upon the cost of 
producii^ energy. If operating expenses are low, much energy may be 
economically wasted. If, however, they are high, more conducting material 
must be used in order to reduce the amount of the energy wasted. It is 
possible that operating costs may be so low that a purely economic consid- 
eration may indicate a conductor so small that it would become unduly 
heated, consequently the minimum conductor-section should be that which 
will provide such an area as may be safely and continuously operated. 

The problem confronting all practical engineers responsible for the design 
and economical operation of power transmission systems is, the choice of 
the most economical size of conductor tor a given case. The operating 
manager is directly interested in the value of the electrical energy lost per 
year in transmission, and also in the interest cost on the investment of 
transmission lines, that is, the total annual cost of transmitting a given 
amount of energy. For a definite amount of power to be transmitted, and a 
definite voltage, the currant can be calculated and the economical conductor 
cross-section obtained; therefore, the weight and cost of the conductor 
will be proportional to the current. 

Most Eomomical Conductor.— Jfeimn's Law. — ^By Kelvin's law it can 
be shown that the most economical area of conductor is that for which the 
annual cost of wasted energy is equal to the annual interest on that portion 
of the capital outlay which can be conadered to be proportional to the 
conductor resistance, independent of the voltage and the distance of the 
transmisKon line. It can also be shown that, if the ratio of the selling 
price of electrical energy to the direct cost of generating the energy is Pr, 
the ratio of the actual economical investment in conductor to the apparent 
economical investment in conductor, is 
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where Pr is the ratio of the selling price of energy to the cost of generating 
the energy, and Cr is the ratio of the actual to the apparent economical 
investment in copper conductor. 

Graphical ^iplication of Kelvin's Law. — There exist several ways of 
treating Kelvin's law by means of graphics. Graphical treatment is the 
most simple particularly when plotted in terms of per cent, values. The 
most important methods of treating Kelvin's law are, in a sense, identical 
in th&t they do not in a single instance change the position of the curves 
or values. The three different factors involved are fixed charges, weight 
and resistance. The exact position of the curves and values based oq these 
treatments do not change for any of the following methods : 

(a) Relative cost of line losses to relative investment in line conductor, 
or, ratio of fixed chaises to the cost of line losses. 

(b) Ratio of line conductor cost to values proportional to the weight of 
conductor. 

(c) Ratio of line conductor ohmic resistance to values proportional to the 
cost of conductor. 

Method (a) is of special importance because it tak^ up a combination 
of the complete technical as well as the commerciaJ side. Methods (b) 
and (c) differ in no essential points as the weight of a conductor is propor- 
tional to its ohmic resistance, and vice-versa. 

Let it be supposed that with an investment in copper, the cost of enei^ 
wasted in the Hne (P*) amounts to a given per cent, per year. Also 
suppose that with this investment the fixed charges (C) as interest, taxes, 
depreciation, etc., are equal to cost of energy wasted with that investment 
in copper. Then, the total yearly expense will be 

Suppose the copper was increased to 2Pc, then the line losses would be 
decreased 50 per cent., or 

Tc = 2Pc+0.5C 
But if the investment in copper be reduced to one-half, the line losses will 
be increased two-fold, making 

r,=0.5P,+2C 
Take for example an mvestment of S50,000 in copper, and assume the 
cost of energy wasted in the hne to be 20 per cent, per year, or $10,000. 
Also assume the fixed chaises (interest, taxes, depreciation, etc.) to amount 
to 20 per cent, per year, or an amount of $10,000 equal to the cost of energy 
wasted. The total yearly expense will be, 

Tb=10,000+10,000 = $20,000: 
With a two-fold increase in copper investment the total yearly expense 
would amount to, 

7'e=20,000+5,000 = |25,000: 
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If the copper inTestment in the line wtxe reduced one-half, ^e total 
yearly expense will become, 

r, = 5,000+20,000=»25,000 (as before). 

In these cases no consideration has been given to a change from losses 

in the line to energy sales, nor is the extra energy generated and sold item 

provided for. Let the change from line losses to energy sales be K and the 

extra enei^ generated and sold be k, then, for a given case we have 

-^- 

and the total increase in energy sales becomes, 

T, = k+K = 3k 
vith a gross profit of 

0,=2T, 
ihe final expense is, 

Nc=Tc-Q, 

Let us now assume a double investment in copper of $100,000, which 
will result in correspondingly increased fixed charges on conductor or 120,- 
000. The increase in copper has, however, consequently cut the line losses 
in half or to $5,000, so that Uie total annual expense is $25,000. Now, the 
savii^ of $5,000 in the cost of line losses due to the two-fold expenditure in 
copper conductor, should correctly be added to energy sales at existing 
saU prices. Also, allowance should be made for the extra energy generated 
and sold at existing sale prices, or 

Hence, the total increase in enei^ sales per year not accounted for by 
Kelvin's law, is 

r,-5,000-l-2,500=$7,500; per year 

The net annual expoise due to copper has been reduced to 

N,~T«-0, 
or taking O, as 27', = $15,000: we have 

JV<,= r.-Gp=26,000-15,000=$10,000: net expense. 
It is therefore observed in this case that when the power compu^ can 
sell energy at a price three times the increment cost of generation, the most 
economical investment in copper is twice as much as the amount that would 
be indicated by the use of Kelvin's law. Of course, the selling price of 
electrical energy per hp. is much more than three times the cost of its 
generation in the majority of cases, but ttus example has been gjven to 
show just how the comparison on this basis is directed. No account has 
been taken of the fixed and variable costs of such items as poles, towers, 
insulators, insulatot^«upports, etc., as these should at all times be considered 
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separately. Any practical variation in the line (aiie of eosductor) will not> 
generally speaking, have any effect on these coste. Thus, from the above 
it would seem that the law laid down by the late Lord Kelvin (Sir William 
Thompson) would be better expressed in the form: When Vie total cost of 
condiutor in the line is equal to Uie coat per kw.-year to the company of the 
energy wasted, the moat economical conductor croassedion t 
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Actual InTHtnxnt to tb* Apparant (EBlTlii'aLB«)InTaitnHDt 
» SO TGl<»USl(»171I2aD3ZS2KI 

Curt of LlDa CoDdnetor In Par Cant 

V\%. 153. — Relation Between Copper Investment and Coat of line Loeses 

The use of this law as given in Fig. 153 is greatly aided by a set of curves 
(pvii^ amperes per phase in terms of line voltage and kilowatts such as 
shown in Fig. 154. Since the three-phase system of transmis^on and dis- 
tribution is so much in general use these curves should be of practical 
value. They are based on the following fonnulee, 

P-VZEIssiAI-^- 
VSE 
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Fexranti Effect in Transmission lines. — Very long transmission lines 
connected to the supply service at the generating end but open-circuited 
at the far off receiving end, tend to maintain a higher voltage at the latter 
point (receiving end). This condition is commonly called the Ferranti 
effect from its having been first reported by Dr. S. Z. de FerrantJ in London 
a quarter of a century ago. At present day power-transmission frequencies 
(not exceeding 60 cycles), the quarter-wave length of line is so great that 
it is not approached on the longest transmission line in service; but the 



Amp*™ BBi PIi«» = /^^^ 
Fig. 154. — Values of Amperee per I^iase in Tenns of Une Vottfkge and Kilowatts 

higher the impressed frequency the shorter the quarter-wave length. The 
Ferranti effect of a long power-transmission line may be about 1.0 to the 
fundamental frequency — taking the natural period at, 

or a quarter-wave of 363 cycles, but a relatively small high-frequency ripple 
in the wave of the generated voltage may increase this factor to about 1.5 
or even more. It, therefore, becomes of importance to know how lai^e the 
Ferranti factor may become with frequencies which may present themselves 
as harmonic ripples in the voltage wave of generators. Experience tends 
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to show that there is no better syBtem of cotmectiouB for long high-voltage 
transmission lines than generators in star with step-up power transformers 
in deltarstar and the step-down power-transformers in star-delta-connectjon 
— star on the high-voltage dde in each case. 

Line-voltage Limited by Corona. — For transmission lines the line-voltage 
is limited in one way by the phenomenon of corona. The loss of power 
(pc) due to corona may be approximated from the formula, by Peek. 



'i^Vi< 



,(e-6,)'X10-' 



d= DUmaUr at ConlDctor tn Inthx — !>* 

Kg. 156. — Curves Giving Charing Current in Amperes for Varring Values of Con- 
ductor Spacing, Diameter, Voltage and Length of Conductor Suitable for Three- 
Phase, 60 Cycle TrananuHson Lines 

For very heavy lines, with large reactance, or where the cost of power for 
line losses is low, the theoretical limit for constant-voltage lines may be ap- 
proached, which, of course, will involve increased cost of synchronous 
condensers. The load limit for a line operating at constant voltage by. 
means of synchronous condensers is much greater than that without syn- 
chronous condensers, and the limiting condition is usually low efficiency. 

The charging current, expressed as 

Ic= „ \,r» , capacity current 

VO llT 

^ 7.354 X (10)-' „ , ,,,, 

C= Y-i — = Farads per M-ft. 
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is of small coounercial importance, even though it may be large in amount, 
and must be carefully allowed for. Its main advantage is that it increases 
the voltage rise when load is suddenly disconnected from systems not closely 
regulated. 



1 ii 



Fig. 156. — Curves Showing the Corona Limit of Voltage on Three-Pbaae liius 

In the above e:q)ression8, 

C = capacity in farads. 

E = Applied or line voltage for S-phase system (Y voltage). 

e = Effective applied emf, in kilovolts to neutral. 

Co = Disruptive critical voltage in effective kilovolts to neutral. 

/ = Frequency in cycles per second. 

k = Corona constant ; is 344. 

Po = Corona loss in kilowatts per mile, 

r = Radius of conductor in inches. 

S = Distance between conductors in inches. 

i " Denaty factor; or ^^-'^ , where S equals 1 at 25 deg. cent, and 76 

cm. pressure. 
b ~ Barometric pressure. 
( = Temperature, deg. centigrade. 
The corona loss is proportional to the frequency /, is proportional to the 
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square-root of the conductor radius r and inversely proportional to the. 
square-root of the conductor spacing jS, and also proportional to the square 
of the excess voltage above the disruptive critical voltage, e^. 

Effect of Weather and Altitude on Ijne Operation. — The weather con- 
ditions that in practice must always be seriously considered in the de- 
sign of transmissiou lines are numerous. Fog lowers the critical voltage 
and increases the loss. Sleet on the wires, or falling sleet, lowers the critical 
voltage and increases the losses. Kain storms lower the critical voltage and 
increase the loss. Snow storms have the greatest effect of any weather 
condition in lowering the critical voltage and increasing the loss. Barometric 
pressure must also be accounted for. Increased altitude has the effect of 
increasing the temperature rise or losses in not only a transmission line, 
but in many types of apparatus and machinery. It is now recognized that 
apparatus or machinery operating at altitudes above 3,000 ft. should be 
considered as special, and, when such is rated for service at altitudes above 
this value the normal permissible temperature rise should be reduced by 
about 1 per cent, for every 300 ft. by which the altitude exceeds the 3,000 
ft. This also applies to all types of transformers excepting waterwiooled. 

Natural Line Inqtedance. — The magnetic eneigy stored in the line of 
self-induction L carrying current / is, 
LP 
2 
When this current is suddenly interrupted the energy must chai^ from 
the magnetic form to the static by charging the line as a condenser to a 
higher voltage E. The energy stored in the line having a capacity C at the 
added voltage E is, 

CE^ 
2 
These two equations must be equal, so that LP = C E} 

commonly expressed as 

E=Ik 
where (it) is a constant and approximates 200. 
The quantity -»/ ~ is of the nature of a resistance and is called the 

" natural impedance," equal to 138 log. - ohms. It therefore lies between 
500 and 200 ohms, the lower figure being chosen as shown above. 

A rise of voltage always takes place across the reactance. If r* is equal 
to ~Yr the discharge takes place without oscillations, but just borderii^ 
on that condition. If the condition r* is less than -^r the charge oscillates 
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until the energy is diecbarged in the resifltance. Where r* is greater than 

^ ^ no oscillation takes place and no abnormal voltage is produced in the 
C . 

transmiaaion line. 

If £ be the effective value ofthe voltage between lines, the maximum 
energy stored in the dielectric vill be in the case of a delta-connected sys- 

tem (delta-delta) „ , as compared with - in the case of a star^KMrn- 

nected system (delta-etar) star on tite h^h voltage aide, the value (C) 
being the total capacity of the hi^-voltage transformer winding of each 
transformer to earth. 

In general, resonance on account of the electrostatic capacity of the 
transmission line with a grounded star system is very unlikely, since the 
line capacity is not in ^ /■ 

series with the ground. ' 

This is not the case „ 

with the delta-connec- ^ _^^ * i, 

tion whidi is in aeries ^ * 

with the electrostatic f gj, ' 

capacity of the trans- ^ r> §i 

mission line. y 'S < I 

Shifting of Static \ ^ u 

Neutral. — In a delta "* > 

system the first phase ^^ i57.'-Curmit Rel<Mion» in a Four Wire, Tliiw-Phue 
closed will mcrease the System 

capacity to ground of 

that phase of the system and thereby draw the static neutral toward the 
phase. The second phase acta in a similar manner and the static neutral does 
not return to the center of the delta until the three phases are closed. This 
sudden shifting of the static neutral is the cause of an unnecessary strain on 
the insulation of the system. Many failures of apparatus are recorded due 
to this cause. Not so with the star-connected system as a transmission line 
of any length may be charged at full voltage without shifting .the position 
of the static neutral. 

In four-wire three-phase systems, where the emf. is stepped up through 
delta-star transformers, and three-phase power is supplied through star- 
delta step-down transformers, the latter system of connections, if their 
neutral be connected to tiie neutral wire, serve as balancers for loads taken 
off between neutral wu^ and lines, as indicated in the accompanying 
digram' Fig. 157. 

If the neutral point of the primary of the step-up star-star transformers 
be connected to the neutral point of the generators, the secondary neutral 
point on the star-connected Mgh-volt^e side will be stable. The loads may 
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be supplied between the neutral point and the lines but, since the g 
tors may have a third-harmonic component in the emf . between the neutral 
and terminals it is not advisable to ground the neutral point of the secondary 
windings. If, however, the high-voltage secondary windings be an inter- 
connected-star, the neutral point may be grounded without causing the 
least trouble. The reason why the interconnected-star eliminates the third- 
hannonlc is that there is an interchange of the third-harmonic mmf. due 
to the primary and secondary interactions of the interconnected trans- 
former windings. 

On account of their exposed position, transmission lines are the weakest 
link in the high-Voltage transmission system. Even the failure of a sin^i^e 
insulator may cause a complete shut-down of an entire system. It is there- 
fore necessary that very careful consideration be given to the design and 
erection of such Unes.* The right-of-way should be selected with a view 
to escaping land slides, floods, etc., and avoiding thickly settled districts 
when high voltages are to be transmitted. Where the lines pass through 
forests it is of greatest importance to have the right-of-way cleared on both 
sides of the lines wide enough so that there will be no possibility of falling 
trees or branches striking the lines. 

Ground Wire Protection. — The value of ground wires for tranonission 
hues cannot be judged by theory because their protection f^^ainst lightning 
flashes is outside of the realm of calculation. On the other hand, their 
behavior in the case of sudden variations of the earth's field (lightning 
flashes in the neighborhood) can be calculated just like the charging cur- 
rents of a transmission line. The ground wire diminishes the chai^ caused 
by the earth-field on the protected line. Further, it increases the capacity 
of the line against the earth. Since the voltage which the line assumes when 
the field breaks down is proportionate to the ratio of charge to capacity 
against earth, and since the charge is decreased and the capacity increased, 
the voltage produced on the transmission line is very much smaller than 
it would be if the line was not protected. These ground wires Uien, until 
something better is devised, are a valuable protection for overhead trans- 
mission lines. 

The past few years' experience has shown that the overhead ground wire 
is of undoubted value for lightning protection and better results can be 
expected from two wires than from one. They should be placed as far above 
the transmission line conductors as possible and with a maximum shade 
angle of 45 deg, "Rieir dimensions do not have any effect on protection 

* It ia of interest to note that the horizontal airangement of conductors as compared 
with the equilateral triangle arranfEement of conductors gives a lower corona loes. This 
alrangement of conductora also gives a lower capacity current ot the line. The lower 
corona loss and lower capacity result from the fact that the two outside conductors con- 
ndered as a pair are twice as far apart as the other pair of conductora. 
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(protective action) so that they should be chosen from considerations of 
mechanical strength. When concrete foundations are used and the steel 
work does not extend throu^ to moist earth it is necessary to make inde- 
pendent earth connections for a ground wire. These may consist simply of 
iron pipes driven into the ground and connected to the le^ of the tower. 

There is considerable difference of opinion ^nong engineers as to the 
degree of protection secured by ground wires. It seems probable that this 
difference of opinion is largely due to the variability of lightning disturbances 
in different sections of the country. It is now generally agreed that modem 
high-t«nsion lines, operating at 60,000 volts and over, are less subject to light- 
ning disturbances than iowei^voltage lines used to be. This, perhaps, is due 
to the better and more thorough insulation obtained with the modem disc 
suspension insulator. Well constructed tower lines are practically proof 
against indirect lightning strokes, although not against direct strokes of 
Ughtning which fortunately are of rare occurrence. 

In selecting Une insulators, a liberal factor of safety should be allowed, 
as they only form a small part of the total cost of the Une and are the most 
vital factor in its satisfactory operation. Suspension insulators are now 
used exclusively for high-voltages above 60,000. The pin type of insulator 
is practically at its limit when operating at 60,000 volts. Numerous in- 
genious arrangements are used for connecting strings of suspension insula- 
tors in multiple to cany heavy stresses. For higher voltage transmission 
lines than at the present, the design of the suspension insulator must 
necessarily be modified so that the potential along the string can be better 
distributed. Further details of line constmction and protection are given 
in the chapter IV devoted to this subject. 

Oscillations from High-Voltage Switching. — High-voltage switching pro- 
duces, in general, an abmpt change in the value of the emf. and of the 
current of the circuit, or of either, and therefore it produces a sudden chai^ 
in the amount of energy stored in the cireuit, with the result that oscil- 
lations are produced. The severity of these oscillations depends on the 
difference between the operating conditions before and after switching is 
done. If a dead Une at aero potential is suddenly connected to the supply, 
the oscillation produced wiU be most severe when the switch makes the 
connection at the instant at which the emf. has its maximum value. If the 
dead line is suddenly connected to a Uve Une having the same constants, 
a wave of charge, equal in value to one-half of the potential of the Uve Une, 
starts along the dead Une from the switching point. If the dead line is 
open from the far end, the wave of charge is reflected back at double poten- 
tial. At the same time a wave of charge starts along the Uve Une from the 
switching point with a value equal to one-half of the original voltage of 
the Une. If the Uve Une is connected at its ori^n to transformers, this wave 
of discharge is reflected back with double voltage and may excite local 
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oscillations in the tranaformers or in the circuits of the power station. 
These traveling waves are a source of dai^er and the danger is increased 
when sparking and arcing occiu' at the switch. 

To energize a line, it is preferable to connect the dead hne to the etep-iq) 
transformers and then, by low-tenraon switches, connect the tine and trans- 
former to the generators, rather than connect the transformers alone to 
the generators and then switch the,Iine on the Hgh-tension windings of the 
transformers. Wherever poaaible, it would be better still to connect the 
line and the step-up transformers and the generators together while the 
whole system is dead and then bring up the voltage to full potential by 
the excitation of the generators. This, however, is not pos^ble during 
ordinary operation. 
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"lOM GoMntlnK SUboo Values 



Line Chaipng Current. — In the transmisdon of electrical energy over 
loi^ high voltage lines — voltages of 60,000 volts and over — the excitii^ or 
wattless currents produced are not only those for the inductive apparatus, 
but whatever is required by the transmission line itself. A transmission 
line has both inductance and capacity, both of which require exciting cur- 
rent. The leading current required by the capacity is of much greater 
magnitude than the lagging current required by the inductance, hence the 
exciting current to charge a transmission line is always leading, that is with 
reference to the generators. On some of the present day 1 10,000- volt lines, 
as much as 10,000 kva. is required to charge a single line under normal 
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voltage conditions. For the 150,000-volt system of the Pacific Light and 
Power Company, 15,000 kva. synchronous condensers are tised. 

Line Voltage Regulation. — In the deragn of a transmission system, the 
voltage regulation must be within such hmits on all parts of the system that 
satisfactory service is secured and, at the same time, all the transformers 
obt^n proper exciting voltages and the lightning arresters be exposed to 
only safe dynamic voltages. Service for lighting loads is very exacting, 
mnce a 2 per cent, variation in voltage causes a change of approximately 
8 per cent, in candle power. Service for power loads is not so exacting, 
nevertheless, it is of con^derable importance, because on reduced voltage 
the starting torque and maximum horsepower of induction motors fall off 
as the square of the voltage. Since the power consumed by any load falls 
ofF as the square of the voltage, it is of great importance to power com- 
panies that ike voltage be maintained as high as confdstent with satisfactory 
service. 

Transformers should have proper exciting voltage, because in general, a 
departure from normal rated voltage reduces the capacity for a given 
heating rise. By exciting voltage is meant the voltage applied on the side 
from whence the power comes. Reducing the voltage by a given per cent, 
reduces the kva. rating substantially by the same percentage, since the 
ampere capacity depends on the size of conductors. Increasing the voltage 
above normaJ decreases the output, because the exciting current is increased 
and also the core losses. 

To prevent lightning arresters from being endangered by over-voltage, 
they should not be exposed to a voltage exceeding 15 to 20 per cent. Light- 
ning arresters are designed to protect agEunst transient voltages, and their 
characteristics are such that they offer protection only around their normal 
voltage rating. Should a Ughtning arrester be called upon to relieve a 
tranment voltage, when the dynamic or steady voltage of the system is 
15 to 20 per cent, above that at which the lightning arresters was charged, 
it would be exposed to serious damage, on account of the large flow of eui^ 
rent occurring. Hence, It is not considered safe to expose lightmng arresters 
to a voltage exceeding 15 to 20 per cent, above the normal voltage of the 
system. Further details of lightning arrester installation are given in the 
chapter devoted to line construction. 

Use of Synchronous Condenser and Series Booster. — At a distribution 
center it is very desirable to have a flexible voltage, which can be increased 
as the toad comes on, because with power feeders, the voltage drop due to 
the load may thus be compensated for within proper limits, and with Ugbt- 
ing feeders, the feeder regulators are enabled to operate within limits of 
accurate regulation. A flexible generator and receiver voltt^ may be 
accomplished by means of a synchronous condenser and series booster, 
both machines arranged on the same shaft. The excitation of the ayn- 
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chronous condeoaer should be arranged for control with a voltage r^ulator 
and that of the booster by hand control. At the generating stations, the 
excitation should also be controlled by a voltage r^ulator. The function 
of the synchronous booster is to affect voltage compensation, the amount of 
buck or boost being controlled by the field excitation. 

A desirable feature of synchronous condensers on a high voltage trans- 
mission system is that they offer protection against those voltage suites 
that arise due to a sudden loss of load which might throw the generating 
stations on the unloaded transmission line with their generators on heavy 
field excitation. Under such a circumstance due to the effect on the gen- 
erators and transmission lines of the leading current, set up by the char^g 
current, a destructive volt^e will occur. Over-voltage devices may be 
apphed to the generators to give protection, however, with synchronous 
condensers on the receiving ends of the transmission lines, and each one 
equipped with an over-voltt^ device, an ideal solution of the problem is 
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CHAPTER VII 
SPECIAL PLANT AND UNE PROBLEMS 

I. — GeITERATINO and BtTBSTATION BU8 StBUCTUBBB 

Brick Conqtartments. — For etatioD switch compartments, the question 
of concrete versus brick construction has been frequently discussed, and 
opinions as to which is preferable will always differ.' However, at the present 
time the majority of engineers who are designing bus structures seem 
to favor brick. Other materials, such as hollow tile and hollow concrete 
brick with grout poured in later, have been and are now being tried out 
with varying results.* There are two strong arguments in favor of brick, — 
first, the possibility of making changes and installing new switches in an 
old structure; second, the good appearance of brick. 

The general run of bricks used for bus structures measure 4 in. by 8J^ in. 
by 2J4 in- The walla will therefore be 4 in. or 8}4 in-, and hi some extreme 
cases 12J^ in. thick, allowing J^ in. for a joint. Through bolts with washers 
should be set in the 8J^ in, wall for holding oil switches and other heavy ap- 
paratus. However, it will often be found cheaper to drill the walla and use ex- 
pansion bolts for apparatus of small weight, such as disconnecting switches, 
insulators, instrument transformers and the like. It is not advisable to drill 
4 in. brick walls, as the thin wall will not usually withstand a heavy ham- 
mer. It may be considered good practice whenever it is possible to make 
the vertical spacit^ of bolts a multiple of 2}^ in., so that the bolts can be set 
in a brick joint. Forged bolts can be used for such purposes and have been 
used in many cases with good results. 

Installation of Bus-structure Equipment. — Insulators for supporting 
buses and other live parts diould be as compact as possible, and should be 
bolted or clamped to the wall or slab. They should not be cemented into 
the wall or slab, since this construction causes considerable disturbance in 
operation when it becomes necessary to exchange an insulator. When 
clamping bus insulators, the clamp should be made in two parts to avoid 
the necessity of Ufting the bus when exchanging an insulator. For bolting 
down insulator pins, slots can be conveniently provided in the insulator 
pin instead of bolt holes. 

Oil-switch cell doors may be made either of asbestos wood or sheet iron, 
with angle or channel framing. It is advisable to suspend the door from 
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V\%. 159, — Double-BuB Structure in Station of Wilmington and Phila. Traction Co. 

Id thu can 2300-vall SOO ump. md ISOO unp. GFncnl Electrio typs K-12 «] iwitolMa un iind. Th 

rAbowd iDechiLmajii ud opertting lelAyB juv mounted oa steel work under the floor. By mau of dii 



e> ou be thrown to either bue. The et 



Fig. 160.— Structure i 
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Rg. 161.— Brick Bus Structure in Substation of Tri-aty Rwlway and light Co. 

Hera 4800 volt two-phase. 300 amp. and 500 amti. Geneixl Electrio type K-I2 (witches ue lued. Dia- 
DDDKtiu iwiubei are inatalled on both sidee of the oil ewitches. The solenoid mechimiani is plaoed on the 
or» IB the rear ot tbe oil-switch cell. Removuble KHpaCone barriEn sepnrste the poles. 



Rg. 162.— Double-Row Structure in Columbia {S. C.) Suljstation of Parr Shoals Power Co. 

Id thie ease 13.00D volt. 300 amp. and 500 amp. General Eleelric type K-I2 oil niitohes an used- A 
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the top without bolts at the bottom so that 
it can swing out automatically io case of wr 
pressure inside the cell caused by an oil-Bwitch 
blow-out. In some cases where the cell doors 
have been bolted considerable damage has been 
done to structures and apparatus from oil- 
switch explosions. 

Special attention should be paid to the lay- 
out of potential transformers, especially when 
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the volt^e is above 2300. Potential trans- 
formers and potential fuses for higher voltages 
require considerable space and have to be in- 
stalled in certain positions, especially oil-oooled 
transformers and expulsion-type fuses, so that 
if in the preliminary design these points are not 
taken into consideration considerable difiBcuIty 
may be encountered in finding suitable accotn- 
modation for them. 
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In most caees it will be possible to install a positive and negative operating 
bus at the bus structure, and the control cables from the switchboard to 
each oil switch may be made up of three conductors, which can be installed 




i^ III 




in a ^ in. conduit instead of the five-conductor cables which would be 
required when no buses are provided at the structure and which need Ij^ 
in. conduits. The operating buses should be installed in conduits, with 
outlet boxes at each oil switch. In the structure shown in F^. 160 and 
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162 the control buses are installed in one 1^ in. conduit, which is used at 
the same time for mounting the operating relays. 

When current and potential transformers are installed in separate com- 
partments, holes should be left in the partition walls to accommodate con- 
duits for the secondaries between phases, and in case of potential trajis- 
formers porcelain tubes should be provided for the primaries. Fiber conduit 
is being satisfactorily substituted in some cases for porcelain tubes. 

The sbape and general design of bus structures will generally depend on 
the following conditions: (1) Type of oil switches, current transformers, 
potential transformers and disconnecting switches; (2) whether discon- 
necting switches are installed on one side or both sides of the oil switch ; 
(3) on the amount and direction of the available space — that is, the struc- 
ture may be made wide, long or high; (4) whether the cables leave the 

structure overhead or 
underground; (5) ar- 
rangement of solenoid 
or motor mechanism. 
It cannot be im- 
pressed too strongly 
upon the manufac- 
turers of new oil 
switches to build the 
solenoid or motor 
^^ mechanisms so that 
they can be placed in 
many different loca- 
tions in relation to the 
oil switch. The influence of the flexibiUty of oil-switch mechanism on bus- 
structure design can be clearly seen in Figs. 159, 160, 161 and 162. 

II. — Outdoor Substation Dbsiqn 
Outdoor Station Requirements. — An electrical structure, to be stroi^ 
electricaUy and mechanically, should have the least number of insulatii^ 
supports practicable. This principle has been observed especially in con- 
nection with high-tension transmission hues as evidenced by the use of 
strain-type insulators instead of pin or post-type units. This practice per- 
mits employing fewer poles and insulating supports, thereby simplifying 
the construction and reducing the cost thereof, at the same time minimizing 
sources of trouble. Too generous use of strain insulators in station con- 
struction, however, should be guarded against, since opposite effects are 
generally produced. Strain insulators are not intended for short spans, 
since they occupy a relatively lar^e amount of space and leave only a small 
portion of the span in which to make connections, thus requiring e 
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offsets in wires. When used for station wiring they require a hrge number 
of crossii^, loops and indirect runs, possibly crowding the conductors Into 
several horizontal or verti- 
cal planes and sometimes "^* "^ 
making them inaccessible 
unless the entire etation 
equipment is de-energized. 
For lightning arrester con- 
nections, especially, it is in- 
advisable to «8e strain in- 
sulators, chiefly because of 
the loops and extra insula- 
tors necessitated and the 
higher poles required to 
secure the proper ground 
clearance. Because of the 
objections mentioned it is 
suggested that rigid bus- 
bars and connections be 
employed in outdoor sta- 
tions, thus making it possi- 
ble to reduce the nutober 
of insulating supports and 
eliminate the use of strain 
insulators. For busbars, 
copper pipes or bars are 
preferable. 

Example of Good Con- 
structioii.— The features of 
design mentioned were ob- 
served in the layout and 
construction of the Penn- 
sylvania UtiUties Com- 
pany's outdoor substation 
at Dock^ Street, Easton, 
Pa., as described by M. M. 
Samuels in the Ekdrieal 
World for April 15, 1916, 
and the accompanying il- 
lustrations show how the 
details of construction were worked out. The substation is situated along- 
side the company's steam generating station, the control switchboard being 
located inside the latter and next to the generator switchboard. Provision 
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Rg. 167. — Double-Bua ThrefrStoir Brick Structure 
in Tenninal Statiao of Ctmadiitn ligbt & Power Com- 
pany 
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tubiDi. Removabk Bateetatm bwrian ire lued u id Fig. 161. 
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has been made for ultimately installing four banks of three 1000-kw., 
33,000/2300-volt, single-phase transformers and an equal number <A 
1000-kw., 11,000/2300-volt units with the necessary auxiliary apparatus. 

BQumoNT m Out-Door Sobstation at Eabton, Pa. 

Tron^onneri: Two banlu of three siiigle-phase, 500-kw., 33,000/2300-voIt tnns- 
formere uid one bank of three Edngle-pbase, 7S0-kw., 11,000/2300-7011 unita. Three 
1000-kva., 11,000/2400-volt and four 1500-kva., 33,000/2400-volt trasBformera have 
been ordered. 

Swiicha: Two banks of three K-22, sbgle-phase, 33,000-volt, waterproof traDaformer 
oil Bwitehee utd three banlu of similar type lioe switches. One bank of three K-12, 
nngl^phaae, 11,000-volt tranafarmer awitchee and six banks of gimilar line switches. 

Lightning Arretttrt: Three 33,000-volt and six 11,000-volt four-tAik electroljtic cdls. 

This apparatus was furnished by the General Electric Company. 



Kg. 168.— Cross-Section of Outdoor Substation Showing 33,000 Volt and 11,000 Volt 
Outgoing Lin^ and Arrangement of Busbars on Steel Superstructure 

This apparatus is connected with four 33,000-volt and seven 11,000-volt, 
three-phase circuita, there being in addition several 2300-volt circuits 
radiating from the generating station and passing through the outdoor 
substation. As indicated in the accompanying drawings, the 33,000-volt 
equipment is arranged in three parallel rows on the side nearest the genera- 
ting station, while the 11,000-volt apparatus is similarly laid out along the 
far side. Tracks are provided between the two groups so that the trans- 
formers, which are mounted on wheel trucks, may be moved into the 
station for repair or Inspection purposes. Each bank of K-22 switches is 
operated by a single solenoid mechanism mounted on one side of the switch 
foundation and enclosed by a waterproof case which also houses the opera- 
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ting relay. The 33,000-volt current and volt£«e transformers are of the 
outdoor types and are mounted on the foundations of their respective 
Bwitchee. The K-12 switches are not waterproof, so they are inclosed in a 



sheet-eteel housing which also accommodates the 11,000-volt current trans- 
formers and switch-operating mechanisms. 

Except for the 2300-volt transformer leads and control circuite all of 
the conductors are carried overhead by a steel structure made up chiefly 
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of latticed steel columns, angle irons and cbaonels. Between the power 
house and the outdoor 2300-volt busbars the circuits are run through fiber 
conduit embedded in concrete. The 2300-volt busbars consist of 2 m. by 
J^ in, copper bars suspended from steelwork over the transfer track by 
pin-type insulators. The 33,000-volt and 11,000-voIt busbars are arranged 
in vertical planes over their respective switches to permit fanning out and 
connecting with proper equipment. 

The 11,000-volt connections and the 33,000-volt busbars and connections 
consist of 0.5 in. copper tube, but the 11,000-volt busbars are made of 1 in. 
copper tube (iron-pipe sizes). Standard pin-type insulators with General 
Electric caps are employed to support the busbars, the latter being attached 
to the caps by 1 in. by )^ in. brass straps. The insulators are mounted 
on angle-iron cross- 
arms connected 
with the general 
steel framework. 
Tee connectors 
were employed to 
splice branch cir- 
cuits to the copper 
tubii^, a clamp 
joint being used on 
the bus and a elip- 
and-shrink joint on 
the branch circuit. 
Table 4S gives data 
for copper tubing 
and lengths of con- 

iai-t nviiiirpH Fig- '70. — InBulated-Brocket Support for Vertical Conduo- 

lauD requuea. ^^ ^^^ PennJte InstftlUng Ro Type InauUtora in Natural 

The hghtmng ar- Position 
rester horn gaps are 

mounted on pipe framework over their respective tanks. All choke coila 
and dfeconnecting switches are suspended from steel bases, being attached 
thereto by pin-type petticoat insulators. Potential fuses are disconnect- 
ing switch type. 

In no case were pin-type insulators inclined from the vertical to support 
vertical or sloping runs of conductors. Instead, special supports were con- 
structed by tying t(%ether with steel plates two pin-type insulators as 
shown in Fig. 170. At right angles to one of the plates connecting the insu- 
lators was fastened an angle iron, A U-cIamp in one end of the bracket thus 
formed and another in the tie plate hold the conductor at the proper dis- 
tance from the pole and cross-beam and permit making right-angle bends 
in the conductor without depreciating the function of the insulator. IW 



,Goot^lc 



298 HYDROELECTRIC PRACTICE 

ioflulators supporting vertical runs are Bimilar but have U-clampe only at 
the end of the angle4TDD bracket. 

The 11,000-voIt hnes lead from their respective Bwitcbes to a triangle- 
section pole, indicated as X in Fig. 169 (E-E), and from there extend in 
the direction of the transfer track to another triangle-section pole, Y, 
opposite the 33,000-volt switches. From this point on the 33,000-volt and 
11,000-volt circuits, as well as some 2300- volt feeders, are carried on jointly- 
used poles. 

Clearances for Live dements. — All of the outdoor substation apparatus 
is mounted so that no "hve" parts are within reach of persons standing on 
the ground. Furthennore, such clearances were used between "live" parts 
and ground that httle possibility of interruptions to service by flash-over 
will be afforded. In the absence of recommendations by any authoritative 
body on standard clearances the values given in an accompanying table 
were considered conservative. 

Table 49, — Cliakancks Ubbd tk Easton IPa.1 Substation Dksion 



VOLTAIW NOT 


ClUBAHCI BmtwMH LlTB Pun, IK 
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MiDimiui) 




MiBimum 




7,60b 
15,000 
27,000 
36,000 
47,000 

70,000 
88,000 
100,000 
140,000 


12 
IS 
27 
33 
42 

60 
72 
80 
100 


16 
21 
30 
3fl 
46 

66 
80 
90 
120 


4 

6 
8 
11 
14 

21 
27 
30 
42 


6 
8 
10 
14 
17 

26 
34 

38 
60 



III, — High Tension Fuse and Switch Operation 
Requirements of Fuses in Small Substations. — Reliable and imint^^ 
rupted service from the modem high-tension transmission system largely 
depends upon the methods of relaying the switching bo that the line or 
piece of apparatus in trouble will be automatically dropped in as short a 
time as possible. With the proper adjustment of such a method it has been 
foun<t,that in the majority of cases the trouble will clear itself and that the 
line can be replaced in service immediately. The cost of repairs on all lines 
is also greatly reduced with such operation. Oil switches and relays have 
now been developed to such a stage that this scheme can be carried out in 
installations that will warrant the expenditure. There are many cases, 
however, where it is desirable to serve customers whose business is too 
small to warrant the installation of anything but the simplest apparatus 
and control. Protection against overload and apparatus failure is in these 
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cases essential and general practice ia now calling for the installation of a 
high tension fuse of suitable design and characteiistica. 

Wfpx Tension Fuse CharacteristicB. — ^To be acceptable for modem high- 
tension operation, a fuse should embody the following characteristics.* 
It should break the circuit in which it is installed under short-circuit con- 
ditions in a short period of time, say in thirty or forty cycles at the longest. 
It must be made of a metal that has a definite time-current characteristic 
that is unaltered by successive heating and cooling or by age. It must be 
constructed so that it will pocdtively prevent ucs blowing or forming from 
phase to phase. 

While there may be other metals that are equally good for use in fuse 
conHtruction, annealed copper wire is largely used in all high-tension work. 
The principal reasons for the use of this wire are that copper is more readily 
obtained in dedred azes, and data covering its electrical characteristics are 
more complete. 

It is not a difficult matter to compute the time-current characteristic 
curve of a copper-wire fuse of given size, as all of the factors that cause the 
fusion of the co[^r are perfectly definite and can be calculated by well- 
knoTm laws of phydcs. The heat required to fuse a wire is the sum of the 
heat necessary to raise the temperature of the wire from ur temperature to 
the temperature of fusion for copper, plus the latent heat of copper, plus 
the heat lost in radiation. The heat lost in radiation is relatively small, 
raiding from 5 per cent, to 10 per cMit. of the total heat, and can be 
neglected without seriously aflfecting the results. Also, the heat generated 
in a given size of wire by a given current is simply the product of the PR 
loss in watts in the wire by the time in seconds by a conversion constant 
of 0.0009478. The result is in (F. P. S.) units of heat. ICnowing the heat 
required to fuse a unit length of wire and the heat generated per second in 
any size of wire by a given current, the time that is required to fuse the 
wire by different values of current may be computed. It is a good plan 
to plot a set of curves between time and current for all sizes of wire from 
No. 10 B. & S. to No. 30 B. & S. for reference use. Such a curve for No. 18 
wire is shown in Fig. 172. 

Selectuig Size of Copper Wire Fuse.— From impedance calculations of 
transmission lines and generators it is possible to compute what value of 
short-circuit currents to expect at different points. IQiowing this, a size 
of fuse may be installed that will give the selective action dear^d at any 
point. For example, consider the following case, illustrated in Fig. 171, 
Suppose a feeder leaves a substation through an automatic oil switch A, 
equijqwd with definite time-limit relays, and connects with station F, 

t^ Jjf 'S?^.'^^' ^M- "^^j. P'8*= 1305.— The Deeigii and OpcratiMi <rf Hwn O^ 
rvKSe, by E. A. DilUrd, Alabaoui Power Company. ^^ 
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serving on the way stations at B and D. C and E are fused sectiooalising 
switches at substations B and D respectively. Let us say that from line 
calculations 300 amp. will flow into a short-circuit at F, 400 amp. at D, 
and 500 amp. at B. The oil switch should be considered as a reserve and 
set 80 as to trip on a short-circuit, even at the very end of the line, so as to 

guard agunst fuse 
failures. It must 
have a time settmg 
long enough to ^ve 
the fuses time to 
operate. In this 
case a setting of 
275 amp. and 3 seconds would probably be satisfactory. Trouble at F 
should be cleared oB without disturbing service to substation B or D. This 
may be accomplished by installing a fuse of No. 20 B. & 8. wire at l^e 
fused amtch £, which will fuse in 1.2 Beconds with 300 amp. flowii^ through 
it, thus beating the relay setting of 3 seconds at A . Likewise a No. 18 B. 
& S. wire installed at C will open in 1.7 seconds when trouble develops at 
D and in advance of 
oil switch A. With a 
"short" at F of 300 
amp. this fuse will 
open in 3.2 seconds, 
which is a longer time 
than required by the 
fuse at £. Trouble be- 
tween A and C must 
then be taken care of 
by the operation of 
the oil switch A . 

Faults of Open-Qrpe 
Horn Gap Fuses. — 
When open-type horn- 
gap fuses are installed 
considerable trouble is 
often experienced in 
making the fuses oper- 
ate in a definite manner. The difficulty is not in determimng the time 
required to melt the copper but in making a reliable estimate of the time 
required to clear off the arc that results from the fuse opening. Even with 
horns properly shaped to break an arc in the fastest time, it is found that 
with the fastest horns the time required to break an arc is comparatively 
a long period and varies with the amount of current in the arc. Besides 
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this, the hom type fuse presents an additional difficulty, as the arcs resulting 
from a set of fuses opening are liable to intermingle giving a second short- 
circuit which is dangerous, when they are near the source of power. 

Numerous improvements have been proposed for use in fuse horns to 
take the place of open fuses. One of the most satisfactory has been the 
fuse made up of fiber tubes packed with plaster of paris. These designs 
usually break an arc in a short time, but are mechanically weak. The tubes 
are Uable to burst and give an arc as serious as the open tj^ fuse. Another 
type of fuse that has been used consists of a glass tube (gage glass) packed 
with plaster of paris and stoppered at each end. The glass breaks and most 
of the time extin- 
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guishes the arc, but 
there is a chance of 
failure that would 
also give a bad arc. 

Expulsion Types of 
Fuses. — There are a 
number of fuses on 
the market that are 
satisfactory for high 
tension work. In Fig. 
173, a home-made 
fuse devised by E. A. 
Dillard of the Ala- 
bama Power Com- 
pany is shown which 
has given good ser- 
vice, ia accurate and 
may be replaced at a small expense. This fuse is made of a fiber tube 
sealed in a glass tube and capped at the end by a heavy brass fitting. 
Fiber itself is hard to waterproof satisfactorily, so that the entire 
tube has been inclosed in -glass. The ends of the tube are sealed 
with a cement to prevent moisture from entering. The contacts are 
made of strap brass of such a size as to fit into 100-amp., 600-voIt 
knife-switch clips. The front contact strap is made longer than the rear 
strap, so as to elevate the mouth of the fuse. This throws the arc out and 
sway from the supporting insulators. Mounted in this way, there is also 
considerable force placed on the fuse, tending to throw it out of the holder. 
As the arc clears ofE practically instantaneously, there is no-danger of the 
switch chps having to break any part of the arc. It is important to double 
the fuse wire to a point about one-half way in the tube. This insures the 
fusion inside the tube and near the rear end. 

These fuses have been found nearly as satisfactory in their operatioD ae 



{Fill Space Mfimt fittran^ 
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ofmrls 

Fig. 173.— A Combination Glass and Fiber-Tube Type of Fuse 
Arranged to Fit 100-Amp. 600-VoIt Knife-Switcb CUpa 
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an automatic oil switch, excepting that it is possible to obtwD only one 
automatic feature, namely, inverse time Umit. Of course, with oil switches 
there are many combinations that can be worked out by using definite 
time-limit relays and rever8fr*nergy relays, but in the protection of a 
straight power feeder these features are not often required. Further, an 
automatic oil switch for 22,000-volt service coats at least $600. A set^of 
horn-gap fuses installed costs less than S50, and may be refilled at a very 
small cost. While there aie many features favoring use of an oil switch, 
every operating engineer appredates that there are maaiy cases in which a 
profitable business can not be secured unless an inexpenave substation 
can be installed and satisfactorily operated. In these cases the question 
of protection can often be met by the installation of an air-break switch 
fused with expulsion-type fuses. 

Rating of Oil Switches. — ^When oil switches or circuit breakers are rated 
on the amount of synchronous apparatus or generating equipment con- 
nected to a system, such a rating is limited to the reactance and short- 
circuit characteristics of the apparatus and to the particular circumstances 
under which it is installed and operated. Unless the oil switch is installed 
at the generator, the machine impedance which is variable during the first 
few seconds of short circuit must be added vectorially to the impedance of 
the lines, transformers and other apparatus up to the point of short circuit 
when calculating the size of oil switch required. A unit suitable for a power 
station then will be too lai^^ for a line substation. There is considerable 
difference of opinion on the basis for rating oil switches and there is little 
agreement on the majcimum operating hmits of a unit of a given rating. 
What seems to be a logical method is advocated by the Westinghouse 
Electrical & Manufacturing Company and described by J. B. McNeill in 
the August, 1916, issue of the Electric Journal, as based on the ultimate or 
actual arc kva. This is equivalent to the product of current during the 
first cycle after the switch contacts commence to open times the open circuit 
voltage multiplied by v3 for three-phase circuits. Any calculation of 
current from generator, line and transformer impedances necessarily omits 
the factor of the magnetic energy of the line. It is a matter of experience, 
however, that when the Une on which the short circuit occurs is in parallel 
with other lines of a system, the duty on the switch opening the short cir- 
cuit is lighter than when the line is not so connected, showing that in such 
a case the line magnetic energy is not expended in the oil switch tank. In 
some applications the magnetic energy of the Une, however, is a great 
factor in determining the size of oil switch required. The advantages of the 
arc kva. system of oil switch rating are that it gives a rating independent 
of the sizes or characteristics of the generators or other apparatus and inde- 
pendent of the location of the oil switch in the system. 

Due to increased current-limiting eCFect of generator and line impedances, 
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oil switches can be safely rated up when used on voltages lower than their 
rated voltage, and in making circuit-breaker application, manufacturers' 
guarantees should be obt^ned at the service voltage to be used. 

ThS problem of choosing an oil switch or circuit breaker of sufficient 
rupturing capacity for a ^ven location Is, then, to determine the kva. that 
can be delivered on short-circuit through the circuit breaker. For use with 
most rating tables, given in generator capacity, and based on standud 
assumptions, divide the arc kva. by 6.25 before using the tables. 

Calculation of Circtdt Breaker Rating. — Example No. 1 . — ^Assume a three- 
phase feeder of No. wire, four miles long, deliverii^ 25 cycle power at 
7500 volts, with 18 inches between wires. The resistance of the line is 
approximately 2.1 ohms per wire. The reactance on 25 cycles with the 
above spacing is 0.835 ohms. The impedance is, therefore, the vector sum 
of these values and equals V're8istance'+reactance*=2.26 ohms. This is 
assumed to be a case of a small feeder off a large power sj^tem where a 
short-circuit on the feeder would not pull down the system voltage appre- 
ciably. If the short-circuit were on all phases the mairimiim possible cur^ 
rent would be: 

volts 7500 ,.„ 

— = T== 1910 amperes. 

ohmsv^ 2.26XV3 

At 7500 volts this short circuit capacity of the system amounts to 24,781 
ultimate kva., which the switch must rupture at the contact. Applying 
the reverse of the rule for determining ultimate kva. from the catalog 
rating, this figure should be divided by 6.25, giving 3965 kva. as the mini- 
mum allowable catalog rating of the circuit breaker to be applied. 

Example No. £. — Assume a three-phase transformer bank, made up of 
three single-phase, 200 kva. transformers having 3.5 per cent, reactance 
and rated at 11,000 volts high tension and 2200 volts low tension, feeding a 
2200 volt hne from a h^ capacity power line. It is desired to determine 
the size of circuit breaker located on the feeder just beyond the transformer 
bank that will handle when operated automatically, a short-circuit on the 
feeder just beyond the circuit breaker. Here the transformer bank is the 
limiting feature. The actual power that can pass through the bank is, 

( 100 X transformer kva. rating)-i-per cent. reactanee = (100X3X200) 
-{-3.5 = 17,100 kva. 

The breaking capacity required is therefore, 17,100-^6.25 = 2730 kva. 

Example No. S. — Two 18,000 kva., three-phase, 8800 volt generators of 
six per cent, reactance have a bus section from which a 22,000 volt trans- 
former bank of 2000 kva. per phase and three per cent, reactance feeds out 
to a circuit breaker. What size of automatic overload instantaneous-trip 
circuit breaker is necessary to break a short^cireuit on this feeder? 
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As the trauBformers in example No. 2 are near the generators, the capacity 
of any other Q^chronous apparatus can be disregarded, assuming that the 
capacity of all such synchronous apparatus is not more than that of these 
generators and that they are on the line side; but the combined reactance 
of the transformers and generators should be included in the computations. 
As the reactances ^ven are at different capacities, they should be computed 
in terms of equivalent reactance at the same kilovolt-ampere capacity. 
Thus the generators (two at 18,000 kva. each) have a capacity of 36,000 
kva. through 6 per cent, reactance, and the three 2000 kva, transformers 
through 3 per cent, reactance have an equivalent capacity of 36,000 kva. 
through 18 per cent, reactance. The total reactance of the g^ierator and 
transformers (that which governs the short-circuit current in this problem) 
is therefore 24 per cent., with a total capacity of 36,000 kva. 

As in example No. 2, the actual power that can pass throi^ the circuit 
breaker upon a short-circuit at this point is therefore : 

' - 150,000 kva., and this corresponds to either 



24 
150,000X1000 



3940 amperes per line at 22,000 volta in the arc, 
24,000 kva. rated breaking capacity. 



22,0OOX-v^ 
150,000 

*"-6:2r= 

This is approximately 70 per cent, of its mfudmum voltage. Therefore, 
the circuit breaker will have to open 70 per cent, of 150,000 kva., or 105,000 
kva. per line at 22,000 volts. This corresponds to either 

105,000 X 1000 ^y^gQ amperes per line at 22,000 volts in the arc, 
22,0OOXV^ ^ t~. , 

105 000 
or „i^ = 16,800 kva. rated breaking capacity. 

Before choosing a circuit breaker it should be noted that the voltage 
necessary is 22,000 volts, or more, and the ampere capacity must be at least 

transformer kva. capacityX 1000 6000X1000 ,__ 

^- = = = 157 amp. 

voltsXVs 22,000xV3 

Simplified Method of Figuring Breabdng Capadty. — Where the regula- 
tion of the circuit at the point where the circuit breaker is to be installed is 
known or can be accurately computed or measured (is case of a system 
already installed) the following formula may be used : 

, L _x • -^ i (100+percent.regulation)Xfiill-loadciirrent 

Approx. short^ircuit current - ^ ^ ^^s-— r--. 

^^ per cent, r^ulation 

When the per cent, regulation used in the above formula is the actual 

regulation at the point at which the circuit breaker is to be installed, takil^ 

into account the voltage drop in the generator, all transformers, the line 
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and all other apparatus on the circuit on the power side of the breaker, the 
result will be correct for that whole Bystem, for: 

At no-load the voltage is 100 per cent, plus the per cent, regulation. 
Full-load current reduces this voltage by the amount of "regulation." 
Twice fulUoad current reduces it by twice the amount of "regulation" 
and so on. The current at which the voltage will be reduced to zero, that 
is, the short-circuit current, will therefore be: 

(Full-load voltage-|-regulation)Xfull-load current 
regulation 

For figuring complex parallel circuits it is best to reduce percent^e 
reactances to ohms by the rule (line volts X per cent, reactance = full-load 
current X reactance in ohms), as this method admits of easy mathematical 
solution. 

Whrai a circuit breaker is beyond a transformer whose capacity is not 
over 10 per cent, of the system capacity in synchronous apparatus, it is 
safe to omit all factors except transformer reactance in figuring short- 
circuit current through the circuit breaker. 

Use of Air-Break Switches. — Opinions difEer on the use of air-break 
switches in the circuits of extensive transmission systems and on the effect 
of the disturbances which may be caused by them. The foUowing results 
which were secured from 250 tests,* made with different designs of air-break 
switches available on a large transmission system in Georgia, provide 
valuable information when considering the installation of these switches. 
These testa were made primarily for the purpose of studying the effect of 
operating air-break switches at different loads and voltages from 50,000 to 
110,000 as compared with breaking the circuits through oil switches and 
to determine the arcing characteristics of the switches available for use. 
True energy loads were interrupted in one set of tests and the charging 
current of about 180 miles of transmission line in others. In the latter case 
a mftTimiim load of 28 amp. at 50,000 volts or 2400 kva. of leading power 
factor was handled. Oscillograph records were made of the different tests 
on the switches. From the performance data thus collected the results 
were formulated. 

Operation of Air-Break Switches. — It was found that the maximum time 
required to break the arc in the 50,000-volt tests was twenty-five seconds, 
minimum time two seconds, and average time six seconds. This time 
depended more upon the weather conditions than on the kva. load on the 
lines, the velocity of the wind being the most important factor. The maxi- 
mum time required to break the arc at 110,000 volts was sixteen seconds, 
minimum time, three seconds, and average, seven seconds. This seems to 

'ElKtrieal fforW, October 16, 1916, pages 853 to 866.— Arcing ChM»cteristioo( Air^ 
Break SwitcbM, by Cbaries E. Dennett. 
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indicate that the air-break switch requires about 120 to 1500 cycles in which 
to interrupt the circuit, while the oil-break switch may accomplish the same 
result in a few cycles. This time element in the case of the air-break switch 
produces an effect in the line similar to a series of light hammer blows. 
These blows, while not so violent as the one caused by an oil switch, prob- 
ably have a damaging effect on insulation. It was found that a true energy 
load was more easily interrupted than a charging current of the same kva. 
value under the same weather conditions. Under light loads, high winds 
of about 50 miles per hour materially aided in breakii^ the fm» by sweeping 
them from the horns. With heavier loads, however, or lower wind velocities 
the arcs would lap over the phases and trip the breakers at the power house 
before they would let loose from the horns or blades. 

The results of the tests showed that the miniTmim distance between the 
phases for 44,000 volts should be at least 7 ft. and for higher voltages 
proportionately more. The 70,000-volt switch used was spaced 6 ft. 
between phases and the 44,000-voIt switches 4 ft. The theory that the heat 
of the arc aione will carry it up the horns is doubtless well founded, but 
this force is only great enough to accomplish this result when the air is 
perfectly still. With the slightest wind blowing, the arcs are blown side- 
wise, and the tendency of the arc to rise is more or less coimteracted by 
this horizontal wind pressure. If, however, the mechanical movement is 
such as to draw the arcs up the horns, the tendency to rise is increased 
and it is much easier then to break the arc. The arc appears to be an 
uncontrollable feather-Uke medium, and but a slight wind will blow it 
S ft. or 10 ft. horizontally. 

Switching Disturbances. — ^The oscillc%raph records made showed that 
there is a considerable disturbance caused on the line evidently due to tife 
chai^g and dischai^ng of the line as a condenser when operating air* 
break switehes. Harmonics are set up on the regular sine wave, but, owing 
to the \agti frequency, oscillations are not clearly shown by the oscillograph. 
This is probably due to the fact that the transformers used in stepping down 
the voltage for the instrument absorbed these surges. In order to get a 
better check on the voltage rise on the load side of the switch, a needle 
spark-gap was connected and set at 5, 6, 7 and 8 in., or for about 63, 72, 
80 and 87 kv. The circuit was broken under different loads with the dif- 
ferent types of switches, and the points were set at these distances when the 
maximimi sparking distance was noted. The circuit was then interrupted 
with an oil switch, under similar conditions and loads, and it was found 
that the sparking distance was greater than with an oil switch under the 
same load. This is contrary to some opinions on the subject. 

This experiment seems to show that the tendency for the lines to spill 
over the insulators when the sj^tem is interrupted with an oil switch is 
greater than when the air-break switch is used. If auvbreak switehes are 
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to be used to sectionalize only short lines, or for cutting in and out a bank 
of tranafonners occasionally, or for use in emergency the dangerous effects 
due to their use are small. Where frequent switching is necessary, the 
oil switch is undoubtedly much safer. 

The chief difficulty in the use of air-break switches is the large amount 
of space necessary for their installation. The different phases must be 
widely separated and great care exercised in wiring up the switches so that 
-the arcs of one phase cannot blow against the leads to some other phase and 
thus short-circuit the line. In some cases the arc ia blown downward, and 
this means that the switches must be well insulated from supporting steel 
work a distance sufficient to keep the arc from lapping and thus grounding 
the line. 

IV. Stranded Ibon and Steel Wibeb as Transuission Line Conductors 
Iron and Steel Conductors. — Under normal conditions of the metal 
market operating companies have employed iron and steel conductors for 
tranismisidon lines only where small loads were to be transmitted or great 
strei^h was required for long spans. High prices of copper and aluminum 
have, however, caused thorough investigation of the characteristics of iron 
and steel wires and cables and the formulation of conditions for their eco- 
nomical use. The following results of tests conducted by Messrs. Oakes 
and Eckley at the Oregon Agricultural College, Corvallis, Oregon, are given 
as pubUshed m the Electriad World, October 14, 1916. 

The resistance of a conductor carrying an alternating current is affected 
by the frequency and magnetic properties of the conductor. For non- 
magnetic conductors the increase in resistance due to skin ^ect, except for 
very lai^e conductors, is ne^gible, but for iron or steel wires the skin effect 
causes a material increase in resistance. The effect is also cumulative. 
The permeabiUty increases with the current den^ty within certfun limits, 
and as skin effect is due to a greater self-inductance (a function of the per- 
meability) at the center of the wire than at the surface, en increase in re- 
sistance with an increase in current results. Because of the magnetic 
properties of iron and steel, the computation of the skin effect is rather 
difficult. Other factors affecting the power loss in a magnetic conductor 
are the hysteresis and eddy current losses. The effective resistance is a 
function of all these factors and is a value such that when multiplied by the 
square of the current it will give the power loss in the line. 

The reactance of a conductor composed of a magnetic material is a vari- 
able and is composed of two factors: the external reactance, which is eaaly 
computed, and the internal reactance, which is a function of the permeabil- 
ity. Due to the fact that permeability dei)ends not only on the current 
density, but also on the physical properties of the material, the internal 
reactance cannot be computed accurately unless a permeability curve is at 
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hand. It should also be noted that the internal reactance is due to drcular 
magneUzatJon, and therefore the penneabihty for circular magnetization 
should be used. 

The various electrical and magnetic constants for any particular grade of 
iron or steel wire cannot be g^ven with any absolute degree of accuracy be- 
cause of the method of manufacture. A slight change in the ingredients 
of the wire that would not affect the mechanical properties would cause a 
material change in the electrical and magnetic characteristics. For this. 
reason, unless accurate test data are available, any computations that may 
be made would necessarily be only approximate. 

Characteristics of Iron and Steel Conductors. — The accompanying 
curves, Kgs. 174 and 175, pve the internal reactance, alternating-current 
resistance, power loss and permeability of different sizes and quahties of 
iron and steel wire that might be used for transmission lines. The data 
were secured from tests made on wires approximately 1000 ft. in length and 
spaced 30 in. apart. The internal reactance was obtained by subtracting 
the computod external reactance from the measured reactance. The fol- 
lowing formulas, which are modifications of those by Dwight, give the 
reactance in ohms per mile of single conductor for the conductors tested: 

The reactance at 60 cycles for No. 6 B. W. G. solid B. B. galvanized iron 

■" 6.i055+-^' 

The reactance at 60 cycles for 5/16-in. seven strand Si«nens-Martin ot 
ordinary grade galvanized steel is, 

X=0.27941 iogw p ^ 

The reactance at 60 cycles for three strands of No. 10 B. W. G. B. B. 
grade galvanized iron is, 

X=0.27941 logu,;r&7-00371+X' 
0.144 

In these formulas, X is total reactance in ohms per mile of line; X' is 
internal reactance from curve; D is spacir^ in inches. 

The inductance of a seven-strand cable of a non-magnetic material as 
ipven by Dwight* is. 

For a three conductor cable the formula is, 

^-' '"«■ 2:b3;+I+^ '"^ ('-^)-T '°^ ^ ■"- "-■ 

* Reactance of Stranded Conductors, by H. B. Dwight, Eleetrioal World, Vol. 61, 
No. 16, page 828. 
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Amperes Amperu 

Fig. 175a Fig. 1756 

Figa. 174 and 175— CotutantB for One Mile of 7-Strand Sl«el aitd S^trand Iron Wire 

at 60 Cyclea and Temperature of 20 Deg. C. and for No. 6 B.W.G,-B,B. Solid Galvanised 



Wire at GO Cycles and Temperature of 20 E>eg. C. 

Note; Tbe curvn in Ftg. 171a ■» foi ■ 7-Mnuul Hi in. ardiiuuy (stvuiisd ■««] cable: tboM of Fla. 
MutiD (slTuiied aUel cable ud thpH of Fi(. ITSa tor S-rtnnd No. 10 



17U for 7ta%Bd K( ii 
B.W.Q.— fi.B. tmlvmaiiad in 
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Id these formulae, Lis inductance in cm.; SisBpacing; r is r&diua of each 
strand in the same units as S. 

These formulas are based on the assumption that the current denfdty in 
each wire making up the cable is uniform and that the wires, so far as the 
mutual inductance of one on the other is concerned, are replaced by very 
small conductors located at the center of the strands of the cable. Con- 
sidering a magnetic conductor a slight modification in the above formulas 
must be made, namdy, the permeability factor ft must be introduced into 
the term for the internal inductance. The following formulas would then 
apply; 

For a seven-strand cable, 

For a three-strand cable, 

^-^ "^£L+i+^ '* C-t^)-t'* 2 ^ ™- 

The terms involving the mutual inductance of the wires are not affected, 
since tb6 medium separating the strands, the zinc galvanizing, has a per- 
meability of unity. These formulas are fairly accurate so long as the skin 
effect is practically negligible. For small wires, below No. 14, this condition 
holds. For large size, however, an error is introduced. 

The data for the permeability curves were obtained by solving the above 
equations for it. The permeability tor the No. 6, B. W. G. B. B. solid 
galvanized iron wire of Fig. 175, was obtained by substituting test data in 
the following formula taken from the "Standard Handbook for Electrical 
Enpneers" (fourth edition. Article 77, Section 2) : 



in millihenrys per 1000 ft. 

In lieu of other data, these permeabitity curves may be used to compute 
with a fair degree of accuracy the inductance of other sizes of cables of the 
same material. Particular attention is called to the fact that current 
density must be used as a basis for comparison. The relative size of wire 
with respect to the size for which curves are given has a direct bearing on 
the accuracy obtainable. The nearer the size of wire under consideration 
is to the size for which curves are given, the greater will be the degree of 
accuracy. The error is due to the fact that for the same current density the 
skin effect is not the same in different sizes of wire. An error would also 
be introduced because, as noted previously, iron and steel wire is not well 
standardized. 

The resistance and loss curves were taken from test data, all values being 
corrected to a temperature of 20 deg. C. A temperature coeffici^it td 
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0.0053 was used both for iron and steel. The value of resiBtauce given for 
zero amperes is the directr-current resistance corrected to 20 deg. C. These 
curves substantiate the results of other observers in that in each case the 
resistance and internal reactance increase with the current until a maxi- 
mum is reached, when a further increase in current causes a decrease in 
effective resistance and reactance. The explanation lies in the fact that 
as the iron becomes saturated, the eddy currrait and hysteresis losses do not 
increase with an increase in current. It should be noted that the rate of 
increase of resistance is different for the different grades of wire, the softer 
grades showing the greater increase. 

Selection of Iron Wire for Tranfimlsslon Purposes. — In the selection of 
an iron wire for transmission line purposes, a great many varieties present 
themselves for consideration. Other electrical factors remaining the same, 
the wire to be selected should have a high conductivity and a relatively low 
first cost. Table 51 ^ves the cost, resistance and area in drc. mil of the 
stranded wires, the constants for which are shown in Kgs. 174a, 6 and e. 
In order to compare them on a basis of equal area, the resistance of three 
strands of B.B. galvanized iron of an area equal to the seven strand cables 
was computed. In view of the fact that the resistance of grade B.B. wire 
increases more rapidly than the resistance of ordinary grade steel, it is 
evident that of the three wires enumerated in the table below, the ordi- 
nary grade steel would be the most economical if first cost, operating cost 
during the life of the wire, etc., are taken into consideration. 



Table 51.— Cost, Rboibtancb and Abba in Giro, 
conbidergd 


Mna OF SnuiniGD Wires 


tSt-rmmixL 


AauiHCnc. 


DiiiBci-Cuuisjrr 


•ConPn 
Mil. 


Tbxeo^tiaad B. B. galvaniied iron 

8t«el 
SeveD-etrond ordinary grade galvanized 

steel 


83,167 
83,167 
83,167 


4.78 
7.41 
5.51 


S103.00 
95.60 
78.20 



* Pacific coast prices (1916). 

Steel vs. Copper for C<mductors. — ^The data of the accompanying table 
comparing steel and copper transmission hne costs is based on a particular 
set of conditions and illustrates the considerations that are involved when 
deciding upon the economy when using steel conductors. The case is 
made general by assuming certMn values of line current and considering 
that a copper wire smaller than No. 6 cannot be used for mechanical rea- 
sons. In general it may be swd that steel conductors can be used econom- 
ically when the price of copper is high (more than 30 cents per lb.) for the 
transmission of small loads and where a copper conductor having the neces- 
sary conductivity would not meet mechanical requirements. Each case, 
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however, is a special problem in itself and must be so con^dered. The 
steel conductor has also the advantage that its greater mechanical strei^^h 
permits a longer span, providing that no appreciable increase in load is 
contemplated, otherwise the lei^h of span must be such that ultimately a 
copper conductor may be substituted. 

V. Inbui-ator SEmcnoN and TBsrrao 

Insulator Troubles. — ^Hie real causes of insulator depreciation and failure 
have not as yet been definitely discovered, although methods are now being 
employed with success to reduce failures which have as their aim the selec- 
tion of deaigna suited to line characteristics and the subjection of all units 
to a uniform quality test. The troubles with insulators are varying in 
character. It has been found that voltages many times normal are im- 
pressed on insulators in many cases. One case has been reported wliere one 
section of a 63-mile, 22,000-volt line was insulated with two suspension 
insulators in series which required not less than 180,000 volts to flash over. 
In several instances these strings have Qashed over when the operating volt- 
age was not more than 23,000. It va now evident that there are factors other 
than the normal line voltage which are important in determining the size 
and kind of insulator to use. It is being more and more rect^nized that the 
amount of power appUed to the line, the length of the line and the size of 
the wire are as important features as operating voltage. 

The testing of insulators has received much 8tudy and investigation work 
along new lines has been conducted in recent years with the result that 
some of the manufacturers are now offering insulators which very satis- 
factorily stand severe tests, both mechanical and electrical. The testing 
of insulators with high-frequency test transformers, however, is compara- 
tively new and has not yet received the sanction of all of the insulator 
manufacturers or the official sanction of the American Institute of Elec- 
trical Engineers. It is noted, however, that as the manufacturers improve 
their product so that insulators will stand the oscillation transformer test 
the objections to its use are less frequent. 

One of the great advantages of this method of testing is that it can be 
standardized for both the maker and the user. Operating companies cannot, 
in general, equip testing departments with axty-cycle transformers for insu- 
lator testing which will give the necessary high voltage, and it ia out of the 
question to use these large transformers at the various distributing points. 
The oscillation transformer, however, can be set up in a stock room or used 
by line crews, the insulators being tested immediately before they are 
placed on the hne. The best reason for the use of the oscillation trans- 
former is that it wil! detect faulty insulators which cannot be weeded out 
by a sixty-cycle test. 

High Frequency Testing. — Results of a careful study of insulator failure 
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on some 300 miles of transmission lines operating at 11,000, 22,000, 66,000, 
and 110,000 volts and using a laige number of different types of insulators 
have been reported by one investigator,* with special reference to the value 
of the high frequency test. Tests with an oscillation transformer giving a 
frequency of approximately 200,000 cycles showed a great difference in 
the performance of insulators. It was noted that some insulators which 
had been giving trouble on the line owing to the inner petticoats breaking 
showed a definite corona around these petticoats at a voltage much below 
the flash-over voltage. In fact, on some insulators the inner petticoat could 
be made to flash almost continuously without flashing over the outer petti- 
coat. It was noted, also, that other insulators showed very little corona 
previous to the flash-over of the insulator. Some of the insulators showing 
this characteristic have given excellent results in service. 

Service results observed have shown that an insulator, or string of insu- 
lators, which has a high ratio of pimcture voltage under oil to flash-over 
voltage in air is necessary. There has been some objection to taking this 
ratio as one of the points of value in an insulator, the objection made to 
the puncture value under oil being that the electrical stress on the different 
parts of the insulator is very largely changed by the oil bath. However, 
the electrical strength of the porcelain cannot be determined in an insulator 
unless the discharge over its surface is prevented. It is also necessary that 
the voltage strain which is applied to the insulator when it flashes over 
must be very much below the puncture voltage of the insulator. If this ia 
not the case, the insulator will be weakened by continuous application of 
flash-over voltage and will Anally fiul. One of the objections raised to the 
oscillation transformer test is that it can be made so severe that perfectly 
good porcelun will be broken down. The opinion of this investigator and 
others, based on test results, is that if an insulator is properly desagued and 
the porcelain sufficiently good no damage will be done to the insulator by 
any tests which can be applied with a 300,000-volt oscillation transformer. 

As a result of the testa referred to, it has been decided to fix the voltage 
of an oscillation transformer for use on the line at about 150 kva. and to 
apply flash-over voltage from this transformer to all insulators for five 
seconds. This is a routine test now used by the Georgia Rfulway and Power 
Company and applied to all new insulators before they are installed on the 
line. It is also applied to all old insulators, which are taken down before 
they are used again. An attempt is also made to duplicate the line condi- 
tions in the laboratory by applyit^ strain, vibration, temperature-change 
and electrical tests. One of these tests or some combination of them when 
applied to the insulators will determine, in a few days in the laboratory, 

'Electrical World, Nov. !3, 1915. — "Insulator Performance from C^>eratiDg View- 

Kint, and TesU to Weed out Defective Unite," by E. P. Peck, Georgia Railway and 
iwer Company. 
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the insulator which will stand most satisfactorily several years of service 
on the line. 

Insulator Failures on Lines. — Mr. Peck has found that some insulators 
which stand all electrical tests satisfactorily when new show a large per- 
centage of failures after having been installed on the hae for some years. 
Some of the old insulators fail through the inner petticoat, some through 
the bead of the outer petticoat, some puncture entirely through the head 
when test voltage is applied, while others fail, due to cracking around the 
tie-wire groove. Suspension insulators often have skirts broken on account 
of the arc playing over these parts after the initial Sash-over. This trouble 
is largely eliminated if the insulators are very closely spaced, that is, if the 
string length Is as short as possible and some form of arcing hom provided. 

The extremely high voltage which is produced on lines is undoubtedly 
due to high-frequency disturbances, as these disturbances are produced on 
circuits having appreciably high capacity and reactance and are nearly 
always caused in the first place by an arc to ground. It is very probable 
that in some cases the shape of the voltage wave is very similar to that pro- 
duced by the oscillation transformer. In most cases of extremely high volt- 
age the wave shape of the voltage probably approaches much nearer to 
that of the oscillation transformer than it does to the Une voltage. If this 
is the case and the insulators receive these abrupt-wave-front, high-fre- 
quency impulses on the line, it is logical that a test ^ving a voltage of this 
nature should be applied to them as a part of the initial tests before they 
are installed on the line. 

Locating Lea^ Insulators on Line. — Leaky insulators can be located 
while a Une is in service by testing with telephone receivers. For this test 
a pair of high-resistance receivers are connected from a spike driven about 
shoulder high in the pole to another spike driven in the ground. The noise 
produced in the telephone recovers to the trained ear gives a good indica- 
tion of the condition of the insulators. By this test any insulator that is 
approaching a dangerously weakened condition can be detected. 

VI. Tranbuisbion Line Telephone Troubles 
Telephone Circuits Paralleling High-Voltage Unes. — When telephone 
lines parallel transmission lines and are carried on the same supporting 
structures, cert^n construction and protective requirements have been 
found necessary in order that rehable communication may be maintained 
at all times and especially in lightning storms and during other equipment 
disturbances. The first requirement in this connection is high insulation, 
for the telephone lines, the second, carefully balanced transposition, the 
third, adequate drainage provisions, and the fourth the best possible char- 
acter of protection for telephone terminal apparatus. Considerable study 
has been given to these features and practical measures are now being 
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adopted which make it possible to nudntfun reliable telephone service under 
all operating conditions. The most elaborate study of the subject and one 
of the best exunples of good practice has been carried out and adopted for 
the syBtem of the Georgia Railway and Power Company of Atlanta, Ga. 
The following details are given for the construction used and special pro- 
tective apparatus devised by E. P. Peck,* Electrical En^eer of this 
company. 

Teieidione Line Insulation. — It has been found necessary to insulate the 
telephone lines of the Geoi^a Railway & Power Company paralleUng 
110,000 volt trauEmisdon circuits from Atlanta to Tallulah, Ga., with two 
suspension insulators in series, which provide suffident insulation for a 
working voltage of 22,000. This high insulation is necessary to prevent 
puncture to the insulators at times of lightning storms or transmisaon line 
disturbances. It is also necessary to prevent leakage over the insulators 
which would cause the line to become unbalanced and noisy. 

Balanced Transposition. — This is necessary to prevent an induced volt- 
age between the two telephone lines. The power line will necessarily induce 
a high voltage from the telephone lines to ground, but the voltage between 
telephone lines must be maintained at a low value. 

Drainage Requimnents. — On telephone lines, which closely parallel for 
a long distance high voltage power lines, a voltage from the telephone line 
to ground of several thousand volts will be induced. If the telephone line 
is grounded, a current of several amperes will Sow through the ground con- 
nection. Drainage coils to be effective, therefore, must be of sufficient 
capacity to cany the line charge to ^ound continuously. On the 110,000 
volt telephone lines of the Geoi^a Railway & Power Company 15 kw., 
2200-volt standard distribution transformers are iised as drtdnage coils. 
The 2200-volt leads are connected to the telephone lines and the middle 
point of the 2200-volt winding is grounded. The secondary leads are, of 
course, open. These drainage coils are protected by cylinder gaps set 0.2 
in. from each line to ground and by 25 amp. high voltage expulsion fuses on 
the line side of the ground gaps. The drainage coils and their protective 
equipment are installed outside of the building. A few disturbances have 
blown the drainage coil fuses violently, but no damage has ever been done 
to the drainage coils. 

Telephone Protection. — The type of lightning arrester described in what 
follows and shown in the illustration as developed by E. P. Peck has in its 
several forms during the past two years (1915-1916) rendered practically 
complete protection to telephones and operators under all conditions. The 
different sizes of lightning arresters were so made and insulated that if full 

* BlKtriad World, Sept. 9, 1916. — "Elimmating Tntiumiaaion line Tdqihone 
Troublee," by E. P. Feck. 
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transmission line voltage be impressed on them from either the line to line 
connection or a line to ground connection, no damage could be done to the 
telephone arrester or the telephone equipment. This is a severe require- 
ment, but the position was taken that a mistake in insulatii^ the telephone 
line for too low voltage does not justify under-insulation on the telephone 
lightning arrester. The point has been brought up that it is unnecessary 
to insulate the telephone arresters for a higher fiash-over voltage than is 
provided for on the telephone line insulators. The designer claims, however, 
that the arrester should be safe and should function properly regardless of 
the performance of the rest of the line. This requires that auxiliary pro- 
tection be put outside the building entrance and that all telephone lines 
from tins entrance to the top of the arrester be ingulated for the full voltage 
which the auxiliary gaps may allow to pass. 

ConBtruction of Arresters. — Three azea of telephone arresters have been 
. deseed and for con- 
venience are 
natedaeP-A,P-fiand 
P-C. The essential 
features of these de- 
sgns are shown in the 
accompanying dia- 
grams. The P-A con- 
struction is for use on 
ordinary telephone 
lines where good pro- 
tectionisrequired. By 
ordinary lines is meant 
lines which are not 
subject to crosses with lines havii^ voltages higher than 2500. The P-B 
arrester is designed for use on telephone lines which are liable to be crossed 
with power lines having voltages up to 35,000 volts. The P-C arrester is 
designed for use on telephone lines which may be crossed with lines of any 
voltf^e higher than 35,000, the limit of the arrester being the limit of the 
transmission voltage; that is, the arrester is designed and will properly 
function on 100,000 and 150,000-volt lines. Any of the arresters will 
^ve good protection to the telephone In cases of ordinary lightnii^ trouble. 

The P-A arrester consists of vacuum gaps connected as shown in Fig. 
176, with fuses between the vacuum gaps and the incomii^ telephone lines. 
These fuses should not have a ratli^ of over 7 amp. or less than 5 amp... 
The base of the arrester is made of a very high grade insulating material, 
and if the incoming lines and arrester are insulated from the walls and sur- 
rounding objects by mountir^ on ordinary porcelain knobs, the arresters 
will afford protection up to the Umit specified. Since the class of telephone 
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lines which this arrester was designed to protect do not, ordinarily, operate 
at a high voltage to ground and are not subjected to continuous high volt- 
age, the arrester has been made very simple without reducii^ its effective- 
ness as regards lightning protection. 

The P-A arrester was designed primarily for uae at the junction of over- 
head lines with telephone cables. In this case it is necessary to hold the 
voltage from line to ground low as well as to hold the voltage from line to 
line low. Where a telephone cable is not connected but protection is 
desired for an instrument at the terminus of the overhead tine, a slightly 
modified form of the P-A arrester is satisfactory. This arrester differs 
from the P-A in that it has air spark gaps from each line to ground instead 
of vacuum gaps. These air gaps will not hold the voltage from line to 

ground at as low a 
value as will the 
vacuiun gaps, but 
will hold it suffi- 
ciently low to give 
satisf actofy protec- 
tion to a telephone 
instrument under 
the conditions men- 
tioned here. 

The P-B arrester 
shown in Fig. 177 is 
designed for very 
much h^her volt- 
age lines and for this 
reason is larger and 
has the ground gaps 
adjustable. This adjustment is provided so that for any line the ground 
gaps can be set for the conditions of that line, in every case being set low 
enough so that the arrester will discharge in case of any disturbance, but 
will not be subject to continuous discharges in regular operation. 

Ground Gaps and Line-to-Line Gaps. — Any telephone line paralleling a 
high voltage power line will have a voltage induced between the telephone 
line and ground. The ground gaps should therefore be adjusted in pro- 
portion to this voltage. The probable setting of these ground gaps should 
be between 1/64 and 1/16 in. The protection to the telephone instrument 
is provided by a vacuum gap connected from line to line. This vacuum 
gap is paralleled by a very small air gap which comes into play only in 
case the vacuum gap has been destroyed by a small but continuous dis- 
charge. If it is found at any time that the compound has melted from the 
bottom of the vacuum gap, this unit must be replaced, as the vacuum is 
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destroyed when the compound is melted, and the discharge voltage of the 
gap changes from approximately 350 to several hundred volts higher. The 
designer has found that vacuum gaps are damaged very seldom, but it was 
thought advisable to provide the auxiliary gaps as an added protection, as 
the vacuum gaps will sometimes go down. The air gap from line to line is 
set 0.004 in. and should not be chained. 

In the P-B arrester all of the protective gaps are themselves protected by 
12-in. expulsion fuses connected between these gaps and the line. These 
fuses should have a capacity of between 5 and 7 amp. The fuses and gaps 
are mounted on a hinged base so that the workii^ parts of the arrester can 
be disconnected from the line when it is necessary to replace the fuses or to 
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adjust the gaps. It is recommended that this switch be pulled when it is 
necessary to work on the arrester. 

Protection Against Dangerous Voltages.— The insulation between the 
various parts of the arr^ter is sufficient to stand a continuous application 
of 25,000 volts and for lines up to this voltage no. auxiliary gaps are nece»- 
sary. When the arrester is used on lines having voltage higher than this, 
that is, between 25,000 and 35,000 volts, auxiliary horns are necessary. 
These boms should be placed outside the building and should be connected 
from line to ground as shown in liigs. 177 and 178. The settii^ of these 
auxiliary hom gaps should be 0.25 in. 

The wiring from the building entrance to the top of the arrester should 
be insulated so that a flashover cannot occur from line to line or from line 
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to ground in case of a cross between the telephone line and the power line. 
That is, in case the telephone line parallels a 25,000-volt power line, the 
wiring from the cut-in to the arrester should be safe for 25,000 volts when 
appUed from line to line or from line to ground. This is important even if 
the insulators used on the telephone line are much smaller than those used 
inside, because a flashover from excessive voltage inmde the building is very 
dangerous. 

A telephone transformer, which is insulated for 25,000 volts from primary 
to secondary, should be used be- 

^A r^, r- .-•■= .... t ■ ^ tween the telephone instrument 

-^ U. Horn Gam. H ScttlBcfiDm (Mb Una , _, . f ,. „, , 

* WtoGrouDd. and the mcoming une on all tele- 

[Gap* nuDDtad outaldc of BuUdlDB. . r ■.' l l' _ix 

■■ ^ phone lines which are subject to 

crosses with power hnes of 6,600 
volts or over. It is not recom- 
mended that any high-voltage 
line be operated without this 
transformer in service, on ac- 
count of the danger to the per- 
son using the telephone. Such 
telephone lines are liable to be- 
come exceedingly dangerous at 
any time and the protection of 
this transformer is desirable at 
all times. The P-B arrester 
should be placed between the 
telephone transformer and the 
incoming Une to prevent dam- 
age to the transformer windings 
due to excesave voltage from 
line to line. 

Arrester for iio,ooo Volts and 
Above. — ^The P-C arrester shown 
in Figs, 178 and 179 is designedto protect telephonelines which parallel power 
Hnes of 35,000 volts or higher. That is, the arrester must afford protection to 
the station telephone apparatus if the telephone hne becomes crossed with 
a power line operating at 1 10,000 volts, or at a higher voltage. This arrester 
is similar in principle to the P-B design, but has higher insulation and lai^er 
fuses. Also choke coils are provided on the telephone side of the discharge 
gaps. The construction is larger and much more rugged on account of the 
more severe conditions which are likely to be imposed on the arrester. The 
fuses arc mounted on a hinged frame and are of the expulsion type, 24 in. 
long. The size of the fuse wire required is 7 or 5 amp. The ground gaps on 
this arrester arc adjustable and should be set so that they do not discbarge 
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except in case of disturbance on the line. The setting of the gap will vary 
from iV to }^ in., depending on the voltage from the telephone line to 
ground. The setting of the ground gap does not determine the protection 
afforded the telephone instrument. These ground gaps must be set low 
enough to protect the high-voltage winding of the telephone transformer. 
It is reaily not of great importance that these gaps be set low, hut it is 
important that both ground gaps be set the same. The protection to the 
telephone instrument is given by the vacuum gap and the 0.004 in. air gap, 
both of which are connected from line to line. 

It is essential that this arrester be itself protected by auxiliary ground 
gaps placed just outside of the building cut-in, and these gaps should be 
set at approximately ^ in. The gaps will afford protection to the inside 
wiring up to the arrester and to the top of the arrester itself in case of a 
cross between the telephone hne and the power line. The wiring from the 
building entrance to the top of the arrester should be mounted on insulators 
which will not flashover at less than 45,000 volts. The wiring from the 
bottom of the arrester to the telephone transformer should be safe for 
20,000 volts. The wiring from the telephone transformer to the telephone 
instrument may be ordinary telephone wire run through conduits or put 
up in the regular way. The frame of the telephone transformer should be 
solidly grounded in all cases. 

The setting of the line to ground gaps for the P-B arresters are made 
■^ in., when the arresters are used on 11,000 and 22,000-volt lines. The 
setting of the line to ground gaps on the P-C arrester is 0.2 in. when used 
on 110,000-volt lines. The settings of the line-to-line gaps on all of the 
arresters of this line are 0.004 in. The discharge voltage of the gaps at 
these settings is approximately 700 volts for the 0.004 in., 3000 volts for 
the A in. and 10,000 volts for the 0.2 in. The vacuum gaps discharge at 
approximately 350 volts. 

Installation and Inspection of Arresters. — The main points to be noted 
in installation and inspection are as follows: Horn Gaps: The horn gaps 
outside the building should be of heavy material, that is, not smaller than 
0.25 in., and these horns should be so located that a continuous heavy arc 
cm them will not damage the building or other equipment. The settings 
should agree with those recommended for the arrester. 

High-VoUage Wiring. — ^The telephone wiring from the horn gaps to the 
telephone arrester should be as recommended for each arrester. 

Telephone Arrester. — The arrester should be mounted in a clean dry 
place and should be located so that the violent blowing of the expulsion 
fuses cannot damage anything. The setting of all gaps should be checked 
and the condition of the vacuum gaps noted. If the vacuum gap has been 
damaged from heat, the sealing compound will have been melted and will 
have run over the small porcelain insulator in the bottom of the gap and 
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perhaps down the stem. This is the first indication of trouble oa the 
vacuum gaps. The condition of all air gaps should be noted, paying special 
attention to any burning of these gaps or any dirt betweea them. The 
fuse wire should not be lai^er than 7 amp., or smaller than 5 amp. The 
bases should be examined to see if they have become charred by excesuve 
discharges. The mechanical condition of the arrester should be noted. 

Ground Wire. — The ground wire should not be less than No. 8, preferably 
No. 6, copper wire and should connect to the ground [tost of the arrester 
and to the frame of the telephone transformer. The ground itself should 
be made of not less than two pij)es 0.75 in. in diameter and 6 ft. long. The 
pipes should be spaced 6 ft. apart if practicable. If the pipes are larger or 
longer than those specified better grounding will be obtained. 

Operating Results. — Trouble has been predicted from setting the cylinder 
gaps between lines as low as 0.004 in., due to the gaps burning together 
during severe discharges. It has been found, however, that when these 
gaps are protected by 6 amp. fuses they do not bmri together. Very little 
trouble has been experienced from dust settling in the gaps, althoi^h it is 
necessary to clean them at times. 

The 5 amp. fuse has been found to be very satisfactory. It is so large 
that it does not blow except in cases of extreme trouble; under aver^^ 
conditions these fuses blow only a few times during the year. On the other 
hand, the fuses arc small enough to properly protect the arrester even if 
blown several hundred times. Some of the first arresters gave trouble due 
to leakage across the surface if exposed to dust and moisture for a long time. 
This trouble has been slight, however. Another trouble has been that 
a very slight continuous discharge through the vacuum gap will in time 
burn out the vacuum gap, allowing the voltage across the telephone ter- 
minEils to rise to the dischai^ value of the auxiliary gap, which ia approxi- 
mately 700 volts. Following this the telephone bell magnets, induction 
coils and hook switches have been damped. Two years of service with 
fifty or more of these arresters installed on high voltage lines has shown 
that this trouble is far from serious, since not more than ten or twelve 
vacuum gaps have been destroyed each year. On the other hand not a 
single telephone transformer bum out has occurred, a single operator 
hurt, or any extensive damage done to the telephone instruments, although 
the operators have used them at the time of direct strokes of lightning on 
the line and in one case when a 22,000-volt bne fell on the telephone line. 

The tests made on the arrester described have included the impressing 
of full 110,000 volts on the telephone line. This test did not damage the 
arrester or the telephone instrument and shows that the protection would be 
complete in case of a cross between the telephone line and the 110,000-voIt 
line. Previous to the installation of these arresters, damage amounting to 
more than 11,000 was done to telephones and instruments in one year of 
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aervice. With the complete telephone equipment installed as outlined on 
the syatfim of the Geoi^ Railway & Power Company it has been found 
perfectly safe to continue the high-voltage telephone communication' 
through undei^Txmnd cables to an office telephone or to a telephone switch- 
board. The load dispatcher, tbroi^h hia telephone board, can communi- 
cate directly with all of the water^ower stations and substations, although 
he is located in Atlanta and his board is connected to the high-voltage lines 
through approximately three miles of standard underground telephone 
cable. No trouble on this cable of any kind has been experienced due to 
high voltage since the installation of the protection. 

VII. Special Protection Schbueb 
Use of Rheostat in Grounded Neutral. — The system of connections 
diown in Figs. 180 and 181 is deserving of special mention. To prevent 
the line switch from 
opening automatically 
when a ground occurs 
on the line, the scheme 
shown in Fig. ISO is 
adopted. It consists of 
a series transformer in 
the earth connections of 
the grounded rheostat, 
the secondary of which 
is connected to an in- 
stantaneous overload 
circuitK)pening type re- 
lay, having its contacts 
inserted in the tripping circuit between the main relays of the line switch 
and the tripping coil of this line switch. The idea of this scheme is to 
open the tripping circuit by the mstantaneous relays before the inverse 
time limit relays have closed their contacts. The existence and severity 
of the ground are indicated by an alarm bell, a signal lamp and an 
ammeter. This arrangement, therefore, permits the operator to cut out 
the Une in trouble without service interruption in the following way: If 
a ground occurs, the operator will trip one of the line switches (of a dupli- 
cate line), and if the trouble should be on the Hne controlled by that switch 
the reverse power relays at the substations will open the hne from the other 
end. If, however, the ground is on the other hne (the bell continuing to 
ring), the operator will then again close the first switch and trip the other, 
which will close the line in the manner just mentioned without service inter- 
ruption. For greater reliability the reverse-power relays at substations 
may be installed in duplicate. 
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The great di£Sculty is in making a self-contained rheostat that will with- 
stand the high voltage of a high voltage transmiasion or cable system and 
ofFer at the same time more than one low factor of safety against flashover. 
A rheostat for this purpose should be built in several separate sections 

connected in seriee, 
each section being 
placed on high voltage 
insulators in separate 
firepnxrf compart- 
ments, of concrete, 
brick, asbestos, etc. 
The compartment 
should permit of build- 
ing each rheostat sec- 
tion for about one- 
sixth to one-tenth of 
the operating voltage, 
BO the factor of safety 
against fla^over and 
the consequent relia- 
bility of the rheostat 
itself, will be materi- 
ally increased. With 
such a rheostat there 
is very little probo* 
bility of any oscillar- 
tory arcing on account 
of the method of earth- 
ing the system, but if 
any doubt should exist 
as to the permanency 
of its reliability, the 
system can readily be 
changed into an in- 
sulated one by open- 
ing the transformer 
neutral with the aid of the switch installed in this circuit. 

In this plant there has also been provided additional protection in the 
form of choke coils in each circuit connected to the generator bus-bars. 
The choke coils are wound with Swedish iron so as to obtain high ofamic 
resistance under high frequency suites entering over the low voltage local 
feeders. In addition to this protection, and for the same reason, each 
series transformer on the outgoing 66,000 volt hues is shunted by a small 




Fig. 181.— System of Connections for 66,000 Volt System 
Showing Special Use of Rheostat in GrouiKled Neutral and 
of an Electrolytic Cell in the Line 
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electrolytic cell and a b^h frequency condenser arrester placed on the low- 
voltage bu3-bars in addition to the usual electrolytic arresters and choke 
coils on the outgoing transmission lines. 

With reference to the value of the earthed rheostat with the above de- 
scribed interconnection between it and the line switches, very reliable 
service was given even during the construction of the transmission line, 

which line was orig- 

inally built with a 
angle three-phase 
circuit. However, 
very soon after this 
first circuit was 
placed in operation 
a second circuit was 
strung on the same 
towers while in op- 
eration at 60,000 
volts. By keeping 
the conductor of 
the second circuit 
well earthed the 
linemen were not 
endangered and 
practically unin- 
terrupted service 
was maintuned 
throughout despite 
a lai^ number of 
accidental grounds 
caused by the 
second line coming 
in contact with the 
live line due to 
strong winds, etc. 

Relays for Pro- 
tecting Parallel Feeders. — Selective reverse-power relays for the pro- 
tection of parallel feeders, which will not operate on overload, are some- 
times needed. In Fig. 182 two feeders are shown running from a gener- 
ating station to a substation. At the generating station plain over-load 
relays are used set for a comparatively long time element, and at the 
substation two sets of selective reverse-power relays, one set for each feeder. 
When the direction of the energy flow is normal, that is, both feeders 
supplying energy to the substation, the reverse-power relays cannot trip 
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their breakers or switches no matter how heavy the load may be. If a 
ground or short circuit occurs at D on feeder No. 1, there will be a heavy 
flow of energy through the substation and back on feeder No. 1 to the point 
of the short circuit. Thus the direction of energy flow is reversed at relay 
B in the substation. This reversal of direction of energy flow is the only 
thing that can cause relay B to operate. Aa soon as switch F is opened, 
the load on No. 2 feeder falls back to normal, and it continues to operate 
the substation. If the short circuit continues, the overload relay A will 
trip its switch and the line will then be clear. 
Protectioa of an Automatic Converter. — In case of a short circuit (Fig. 



Hg. 183. — System of Connections for Rotary Converter and Omtrol Apparatus 

183) on the alternating current syBtem direct current will feed back through 
the synchronous converter and operate the reverse-current relay opening 
the solenoid circuit breakers. In case of a local alternating current short 
circuit the alternating current feeding into the short circuit operates the 
overload relays and opens the main switch, disconnecting the converter from 
the line. If both reverse-current relays should fail, the speed-limiting 
device and the overload coil are both available to open the circuit breakers. 
The shut down of the converter from any cause is indicated by the under- 
load relay. For normal stoppage of the aynchronoua converter, the run- 
ning switch of the alterating current supply is opened, which leaves the 
converter running as a direct current motor. The reverse-current relf^ 
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are set so that they will operate on the current which the converter takee as 
a direct current motor and their operation opens the main circuit breakers 
and disconnects the converter from the direct current busbars. As the 
converter slows down, the governor assumes its starting position and the 
field contactors open so that everything is ready for a new start. In 
addition to the governors for closing the field circuit, the converter is 
equipped with the usual centrifugal speed-limit device. 
Protection for Transfonner Groups in Parallel. — The reverse-power relay 




F^. 184. — Scheme of ConnectioDB for TraiiBfoniier Group 

is also suitable for transformer protection where transformer groups are 
operated in parallel. It is for service where it is desired to open the alter- 
nating current circuits when the direction of energy flow or power is re- 
versed. A circuit breaker with shunt trip coils is require, the relay making 
connections to the trip coil to open the breaker, the Bpecific purpose being 
to cut out instantly the faulty group of transformers without otherwise 
disturbing the system. This relay will operate equally well on delta-delta, 
delta-star, star-delta or star-star, transformer connections. 
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The relay consiste «rf 
two powerful electro- 
tnagneta which either 
cioee or maintain the 
tripping circuit open. 
Upon a reversal of power 
tiie relay is adjusted to 
operate and pennit the 
tripping circuit to be. 
cloeed, resulting in a 
simultaneous opening of 
the circuit breakers on 
both the primary and 
the secondary sides of 
the trausfonuer group. 
The diagrun of Fig. 184 
illustrates the electric 
circuits of the relay. In- 
stead of tripping tlie 
breakers mechanically, 
it closes a contact which 
allows cuirent to pass 
through the shunt trip 
coils of the breakers, 
thus permitting them to 
open. Its operation is 
independent of over- 
loads or short circuits, 
series transformer char- 
acteristics, potential or 
direction of energy flow, 
and operates only when 
there is ^ relative rever- 
sal of power in the prim- 
ary and secondary cir- 
cuits of the trans- 
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Assuming the direc- 
tion of current to be as 
indicated by the arrows 
in the diagram, under 
normal load conditions, 
the current from C toD 
has no effect upon the 
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relay except to keep the contacts of the shunt trip circuits open. Should 
a fault occur, however, at the point 0, for instance, the tendency would 
be for the enet^ to flow in the direction A, B, D, and 0, causii^ a 
reversal of power in a section of the feeder D and 0. This action likewise 
produces a reversal ^^_„ 



Sf>rify- 






A- 






.Signal 



of power in the series 
transformer and 
causes the relay to 
operate and close the - 
shunt trip coils of the 
circuit breakers. Since 
the circuit breakers 
both open simultan- 
eously the faulty 
group of transformers 
is completely isolated, and the continuity of the system is not interrupted. 
Forebay Water Level Indicator.— At the Falls Village (Conn.) hydro- 
electric plant of the Connecticut Power Company the crest of the canal 
between the pond and forebay is 9 ft. below the pond level. In order 



> /"— \ ^ Pinion Hnhinq 

f%. 186. — Construction and Electrical ConnectioiiB of 
Head-Gate Movement Indicator 




Clecfrodc ImmerMd 

Fig. 187. — Arrangement of Electrodes 



car^uUy to regulate the openii^ of the headworks gates with fluctuations in 
turbine loads so that no water is wasted over the canal spillway, ingenious 
signaling devices are used. One arrangement shown in Fig. 1S6 indicates 
the amount the beadgates are moved and the other shown in Fig. 187 
whether the canal level is too low or high. 
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As shown in Fig. 186 the gate-movement indicator consists of a pivoted 
strip of wood carrying two connected spring contacts and held in a per- 
pendicular position by springs. The lower end of this wooden strip en- 
gages with one of the [nnions meshii^ with the gate rack. Attached to a 
wooden frame on each side of the pivoted lever are other spring contacts 
which are connected together electrically. These are joined with one 
terminal of a lamp in the generatli^ station down stream, the other lamp 
terminal being connected with the Ughting circuit. The movable contact 
on the gate-movement indicator is connected with, the other conductor of 
the Ughting circuit. Thus when the gate is raised or lowered, which is 
done by means of remote controlled induction motors, the movable coo- 
tact makes connection with one or the other stationary contact and lights 
the signal lamp at the station as many times as there are teeth that pass' the 
lever. Since the pitch of the gate rack is about 2 in., it is simple to deter- 
mine the movement of the gates by multiplying the number of times the 
lamp hghto by two. In making up the records, the amount the gates are 
raised or lowered is added to or subtracted from the previous gate-opening 
reading. From previous records of total turbine load pond elevation and gate 
opening the operator is able to judge how much the gates should be moved. 

In order that the operator will be warned automatically when more water 
has to be supplied to the canal to m^ntaia a certun forebay level, and also 
when the gates have to be adjusted to prevent water wasting over the canal 
spillway, contacts are arranged as shown in Fig. 187 in the forebay. They 
consist of two pairs of iron plates clamped between wooden strips and in- 
stalled in the forebay so the lower edges of the lower plates are at the lowest 
elevation at which the forebay should be maintained. The upper edges of 
the upper plates are at the maximum elevation that the forebay can be 
muntained at without wasting water over the spillway. Between each 
pfur of plates are insulating separators that hold the plates about 0.375 in. 
apart. One plate of each set is connected with one side of the signal-lamp 
circuit, while the other two plates are connected with two signal lamps. 
The remfuning lamp terminal are joined to the other side of the circuit. 

Thus when the forebay level is correct the lower plates in the forebay are 
completely immersed so that the lower-Umit signal lamp bums brightly. 
If not enough water is being supplied to the canal the forebay level drops, 
causing the lower-limit lamp to dim or even go out, which is a signal that 
the canal intake gates have to be opened. The amount which they shall 
be opened is based upon previous records for similar loads. If the load 
becomes so light that the forebay level rises then the upper-limit lamp be- 
gins to glow, getting brighter as the canal level approaches the point where 
the water will pass over the canal spillway. While this scheme is em- 
I^oyed on a system where the conditions are different from those on most 
systems, this agnaling method is applicable most anywhere. 
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Pig. 189 Fig. 190 

Fim. 189, 190, 191.— The Ordinary Method ot Protection 
by Means of Series Transfoimeia and Trip-Cmls in Connecton 




Rg. 193.— Methods ot Protection Using Riot Wires 
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Rg, 193.— Complete Syetem of Connectione Showing Method ot ProtecUon by Means 
of Series Transformers andRelays 



Load Ogrmit 



fig. 194.— ^lit-niase System of Frotection 
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CHAPTER Vin 

DATA, REFERENCE TABLES AND STSTEM DU6RAHS 

I. Calcuiation op Sag and Stsbbb in Conductobb 
Fonnula and Tables for Calculation of Stress and Sag in Condnctors. — 

The following simple method of c&lculating stress and sag from the forces 
acting on transmission line conductors as developed by E. V. Pannell 
{London Electrical Review, May 10, 1912) will be found useful. The cal- 
culations are based upon the recommendations of the British Board of 
Trade for overhead line conBtruction but can readily be converted to other 
standards when necessary. The design conditions considered call for a 
stress in the conductor not exceeding one-fifth of the ultimate tensile 
strength at a temperature of 22 deg. Fahr. and a horizontal wind pressure 
of 30 lb. per sq. ft. (corresponding to 18 lb. per sq. ft. on the projected su> 
face of the wire). These values tc^ther with the physical constants of 
Table 53, are substituted in standard equations for deSection and stress. 
The physical constants of the above mentioned table differ in some respects 
from those of another table given elsewhere in this book. Where it seems 
advisable to use other physical constants for the basis of the accompanying 
tables and curves, the proper correction factors can be introduced in the 
method explained which is the fundamental consideration. 

Deflection at mid-span, 5 = {WP) -i- (SaS) 
Where W is the loading per foot run in lb. ; I is the span in ft, ; a the cross 
section of the conductor in sq. in.; 5 is the maximum working stress in 
lb. per sq. in. The loading on the wire (IT) is the resultant of its weight u> 
and the wind pressure p, thus, 

Tr=Vw*-|-p», 
and the inclination of the plane in which the conductor will hang is given by, 

Angle with vertical, tf=(an~'p-i-«i. 
The two forces w and p act at right angles. 

The loading (TT) is shown by the curves in Fig. 198, which are plotted 
from the figures set out in Table 54, and in which both of the components 
and the resultant have been plotted as a function of the cable diameter. 
The enormous preponderance of wind over weight loading in the smaller 
sizes will be noted. This, however, only represents abnormal conditions, 
inasmuch as the specified pressure of 30 lb. per sq. ft. is only reahzed under 
extraordinarily tempestuous circumstances. 
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Tablb S3-— Pboperties op Coppbk and Aluuinuu Stranded Overhead Condvctom 





COPFIB 




Keltitive conductivity, per cent. 


100 


flO 




8.95 


2.71 


Relative weights for equal conductance 


100 


50 








Tenaile strength, lb. per sq. in. 


60,000 


30,000 


Factor of saiely 
Maximum workiiuF stress 


5 




12,000 


6,000 




12,000,000 


9,000,000 


Specific extension \ 






.0000093 


.0000130 




116 


118 


Extension in ft. for full working BtrCM, 100 ft. 






span 


.096 


.066 


Do. 200-tt. apan 


.193 


.132 


Do. 400-ft. span 


.384 


.264 



Table fi4. — Pabticdlakb or Stranded Ovxbbead CoNorcroRS 



m*. or ClBLB, 



- I WudBT Pmb Ft.. I \ 
I ^- I 



Copper 
0.40 
0.81 
1.43 
2.24 
3.34 



0.90 
1.20 
1,50 



0.4O 


0.10 


0.12 


0.60 


0.62 


0.60 


0.22 


0.26 


0.90 


1.00 


0.80 


0.38 


0.44 


1.20 


1.30 




0.60 


0.69 


1.50 


1.65 












1.40 


1.15 


1.40 


2.10 


2.60 



Rg. 198.— Loading Due to Weight and Wind-PresBure on Overhead Cosductoi 
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As already stated, the formula given above represents the conditioDs 
obtaining at a minimum temperature of 22 deg. F. With increase of tempera- 
ture the factor of linear expansion will come into play and the deflection 
will increase. It is highly important to know the value of the maximum 
deflection under conditions of high summer temperature, in order that the 
miTiiiTinm distance of the line above ground-level may be observed and the 
bei^t of the poles chosen in accordance with the same. 

Considering therefore the effect of a rise in temperature =(" F., if a = 
expansion coefficient and L= total length of conductor, the expansion for 
a rise of r~ fat, and total length, L — l+lal. 

Now, from the properties of the catenary — 

L^l+SP/Sl and Li = l+8Si*/3l 
(Li-L)=8(5,*-5*)/3(, 

hut Li—L='exiemion for temperature rise f^lat, hence — 
Ia( = 8(Si»-a')/3I and i = 8(«i*-«*)/3P«. 

It has been thought desirable to manipulate the temperature-deflection 
equation in the above form in order that a correction for the elastic stretch 
of the wire may be more readily made. It will readily be seen that as the 
cable expands with increased temperature the stress is relieved. This 
reduction of stress, however, gives a diminution of strain, and the con- 
ductor will, therefore, extend, due to temperature rise, by an amount which 
is leas than that calculated by the shortening due to reduction of stress. 
From the other standpoint it will be seen that the temperature rise for a 
given deflection will be greater than that worked out from the above formula. 
The correction may, therefore, most conveniently take the form of an in- 
crement to the calculated temperature rise. The correction used is a 
modification of that suggested by Shields in the discussion on a paper 
by Bume on "Overhead Constructions" {Journal I. E. E. (British), Vol. 
XXXI., p. 432). 

This correction may be made aa follows; a=per cent, extension per " F. 
X=per cent, extension per ib. per sq. in. stress. ^=a/X. 

Now for a change in deflection = 6' — 5, there is a change in stress = Si — S, 
and Si=S S/Si; hence the increment for correcting the above temperature 
- (iSi - S) /0, and this should be added to the right-hand side of the equation. 

On thb basis the curves in Fig. 199 have been plotted and the results 
tabulated. It will be noted that maximum wind pressure is assumed 
throughout, hence the deflection is not only considerably above the normal 
value, but the conductor will be swung out of the perpendicular by a con- 
siderable angle. As already shown, the value of this angle is tan -'p/w. 
It is, therefore, unaffected by temperature, and only depends upon tlie wind 
pressure and the weight of the wire. Fig. 200 shows this feature graphic- 
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ally, the values of deflection for a 400-ft. span, at 22° F. and tke maximum 
wind pressure, being plotted in polar coordinates. 

From the curves in Figs. 199 and 200 will be seen, as might be expected, 
the relatively greater deflections on aluminum conductors, and the greater 
effect of a given wind pressure. It should be noted, however, that this is 
largely due to the abnormal value assumed for the latter quantity. More- 
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Kg. 199.— DeflectJonB oi 



over, as will be seen later, a deflection double that of a copper conductor 
need only call for a pole 10 per cent, higher. The fact that the greater 
factor in the loading on aluminum cables is this assumed wind pressure, is 
an advantage on the side of conductors of this material. Under normal 
circumstances, with moderate winds, the weight of the cable is the more 
potent factor of the loading, and this value being 50 per cent, lower for the 
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aluminum cables, it follovs that the average stress in such will be lower in 
value. This is by no means an unimportant point, as the lower the average 
stress on any section, the less is the liability to fatigue. 

In predetermining the forces acting on the conductors at the lower 
temperature limit of 22° F. it is necessary to take into account the wind 
pressure. In calculating the maximum deflection due to the highest sum- 
mer temperature, however, wind pressure must be eliminated. Apart from 
the physical impossibility of a hurricane blowing at 100° F., it is necessary 
to calculate the maximum deflection in a vertical direction in order to esti- 
mate the necessary height of the pole or other supporting structure; in 
other words, the deflection in still air is what is required. Some manipu- 



Ancte with Vortical rUh 

ot Wire (Copper left lo ri«ht. Aim 

0.4. 0.e. 0.S, 1.0. 1.2, 1.4 loci 



lation is necessary to allow for this chaise in the conditions, and the author 
has found it convenient to use a graphic method for effecting this. 
The conditions obtaining at 22° F., as has been seen, are expressed by — 

& = WP/8aS. 

It will be noticed that all save S and S are constant; hence — 

S=K/S, and SS=K. 

If, now, the wind pressure disappears, the state of affairs is given by — 

Bi = WP/8aSi, i.e., S = Ki/Si. 

Ample information is available for the estimating of K and Kj; the latter 

being obtained, a locus is fixed for 5i= JCiSi. This curve plotted for a 200- 

ft. span in aluminium is shown in Fig. 201, while at the top of the diagram 

is the elastic extension curve plotted downwards to represent a contraction. 

This is obtained simply by multiplying the stress by the elastic constant 
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&nd by the length of span. 
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The variation of deflection with extension of 
the cable is calculated from the equa- 
tion already given — 

hence a series of deflection curves can 
be plotted from the values in the elas- 
tic extension curve. The points where 
these lines intersect the 61 Si hyper- 
bola show the positions where the 
catenary and elastic laws coincide and 
give the actual deflections which the 
conductor will take up, with the cor- 
responding stresses. 

A computation such as this, al- 
though somewhat laborious, is the 
only means of predetermining the ac- 
tual conditions obtaining when an 
Flg.Mr-^«phi^"M^>'odfo'"rB^ ^'^^''^ conductor is used for aeri^ 

ermimpg the Reduced Deflection with s work. The accuracy of the method 
depends wholly upon the values chosen 
for elasticity, and there is room for a 

considerable amount of experimental work in this connection. Very little 
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Fig. 202. — Diagrams Showing ComparBtive Deflectiom on Copper and Aluminui 
head Conductors 
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reliable information is available respecting the phyaicat properties of 
stranded cables, and with the broadening of the held of electric power 
tranamiesion such data must be extended. 

The respective deflections on the copper and aluminum cables with and 
without wind-pressure are shown in Fig, 202. These curves, summarize all 
the foregoing calculations, and it will be seen that they are plotted to a 
base representing equivalent sectional area which, of course, is a function 
of current-carrying capacity. Thus the two materials are compared on 
the fairest possible basis. 

Analysis of these results is very instructive — it being seen that the maxi- 
mum amount by which the deflection on an aluminum line exceeds that for 
copper is about 35 per cent. With smaller sizes of cable than 0.1 sq. in. 
of course this ratio will increase, but this illustrates the fallacy of the state- 
ment frequently made to the effect that aluminum is only suitable for 
small and unimportant transmission schemes. It is exactly for the large 
power layouts that the advantages are best shown, and the greater the 
amount of power transmitted the better become both the technical and 
economic features of aluminum. The only point open to question is, at 
what seotitHi of cable does aluminum become superior to copper? The pres- 
ent investigation is carried down to a section of approximately •^ sq. in., 
or 100 amperes carrying capacity in copper, and it does not seem that any 
preponderating disadvantage accrues from the replacement of copper by 
aluminum. If, however, the matter were carried further, down to very 
small cross-sections, then the large deflections necessary owing to allowance 
for wind pressure would cause trouble in spacing the conductors. 

II. OuTDooB Bus STEUcrnRE Design 
Busbar Materials.— In designing outdoor substations and switching 
stations structural as well as electrical characteristics of different busbar 
materials must be known so that the structure can be built at a minimum 
cost consistent with the service it is expected to give. If consideration be 
given in design only to conductivity and the structural strength is allowed 
to come to what it will, many times the expense of supporting the busbars 
wiU amount to more than it should. Busbar design, therefore, involves a 
balancing of the coat of busbar material ag^nst the cost of supporting and 
installing it, so that the combined expense will be a minimum. While cop- 
per is the material of vhich busbars are usually constructed, it is not the 
only material that can be used and straps are not the only shapes which 
should be installed. Under some conditions aluminum, brass, or even iron 
or steel, may be de«rable, and tubing is often preferable with high voltages 
because the skin effect is not so noticeable. 

Results' of investigations of busbar material and dimensions made by 
> EUctrical Woild, Jan. 8, 1916, pages 86 to 88. 
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C. A. Mees, foimerly designing engineer of Southern Power Company, iar 
outdoor stations are given in the accompanying data. The stnictural 
characteristics of different sizes and kinds of pipe and the formulae should 
asfflst in the design of pipe framework such as is conmionly employed in 
tranamiBmon-line switching stations and other outdoor structures. 

Size of Tubing Required. — To show how the accompanying data may be 
utilized in ascertaining the relative values of different busbar materials, a 
specific case has been worked out. It is assumed that a busbar B in the ac- 
companying diagram (Fig. 203) supports two cross-busbara A\ and At at the 
points indicated and that each must carry 1650 amp. The distance between 
the su|qx>rtB of busbar B is 153 in., and the length of both cross-busbarg 
is 15 ft. One-half of each cross-busbar must therefore be supported by 
busbar B. The busbar materiab which will be considered are indicated in 
the first column of Table 67. In the fifth column are the tensile strengths 
taken from Table 55, ^ving a factor of safety of five. The permissible 
current densities, taken from Table 56, are in the next to the last column. 
Tablb SS. — Fbopebtibs for Busbab Materials 













(LB./S.J. IH.) 




Co™^ 




Ultimata 


Woitdnit 


Co. Ft. 


Cu. In. 


Cb»t). 


Copper, hard drawn 


50,000 


10,000 


555 


0.321 


100 




25,000 




650 






•Bram, rolled 


25,000 


6,000 


168 


0.0975 


62 


45,000 


9,000 


530 


0.3O7 


60 


Iran WTOudit 
Steel, me£um 




11,000 


480 






80,000 [ 16,000 


490 


0.283 





Table 56. — Ccbbbnt Dehsffibs That are Satisfactort 



Swnoa 


'-^ 


MinuAL 


CtBa Hna/Aur. 


Ak»./Bo. Ik. 


D.C. 

D.C. 


Bhort 
Short 


Copper ban and 
Erase tubinKa&d 


1000 
1600 


1250 
800 


D.C. 

A.C. Ughting 

D.C. 

A.C. lighting 


50 
75 
50 

75 


Copper bare and 
BraBB tubing and 


1200 
2000 


1000 
6S0 


A.C. inductive 
A.C. inductive 


75 
75 


Copper bare and 

tubing 
Brass tubing and 

aluminumbare 


1600 
2500 


850 
500 


A.C. inductive 
A.C. inductive 


200 
200 


Copper bare and 
Brass tubing and 


1600 
2700 


800 
475 
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Starting with this information, the size and cross-section of tubing re- 
quired, BO far as electrical conductivity is concerned, may be determined by 
referring to Tables 58 to 66. Under the pennisdble current density look 
for the total current which must be carried. On the same Lne to the left 
the size and croes-sectiooal area of the tube required are given. The cross- 
section required for strap material is earaly computed by dividing the total 
current by the permissible current denaty. 



Tablz 67.— CoNBTAine fob Vbk in CoifPunNQ DsvLBcnoit 



Uatuul 


B 


C-i/SMB 


V-V4&B 


Wrought iron and steel 

Aluminum (caet ban) 


28,000,000 
16,000,000 
13,500,000 
11,500,000 


0.000,000,000,465 
0.000,000,000,814 
0.000,000,000,066 
0.000,000,001,132 


0.000,000,000,744 
0.000,000,001,302 
0.000,000,001,631 
0.000,000,001,812 




Coi>per ban: 1000 cire, tnila/amp. or 1000 amp./sq. in. 

760 amp./eq. in. for Kenentl work 
600 amp./eq. in. for largest aiw*. 



PHYSICAL AND STRUCTURAL PROPERTIES OF PIPES AND TUBING 





S-lN.. 


Mn.- 


f-lM,' 


(Sq. Iw). 


^IT- 


NuniiuJ 


Inde 


Ouuide 


1^ 


0.623 
0,824 
1.04S 
1.380 
1.611 


0.840 
1.050 
1.315 
1.660 
1.900 


0.0105 
0,0704 
0.0959 
0.2341 
0.3248 


0,0280 
0.0370 
0,0630 
0.1944 
0.3086 


0.262 
0.334 
0.420 
0.562 
0.623 


0,2503 
0.3327 
0.4972 
0.6686 
0.7995 


0.837 
1.116 
1.668 
2.244 
2.678 




2.067 
2.468 
3.067 
3.648 
4.026 


2.375 
2.875 
3.600 
4.000 
4.500 


0.5996 
1,0642 
1.7242 
2.3S96 

3.2087 


0.6646 
1.5298 
3.0174 
4.7792 
7.2197 


0.787 
0.947 
1.163 
1.337 

1.609 


1.0740 
1.7120 
2,2380 
2.6800 
3,1760 


3.609 
5,739 
7,636 
9.001 
10.665 


iH 


4.608 
5.045 
6.066 
7,023 
7.982 


5.000 
6,663 
6.625 
7,626 
8.626 


4.1555 
6.4T70 
8.4086 
12.1786 
16.7674 


10.3887 
15.1866 
28.0921 
46.4334 
72.3096 


1.681 
1.880 
2.246 
2.590 
2.948 


3.6760 
4,3210 
5,5860 
6.9210 
8.4050 


12.340 
14.501 
18.762 
23.271 
28.177 


10 


8.937 
10.019 


9.625 
10.760 


22.4312 
29.6158 


107,9506 
160,6550 


3,283 
3.673 


10.0400 
11.9400 


33.701 
40.066 
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Phtbical AMD SntutrmRAij PinPEBTisa or Pipes and Tubdw (Continued) 
Table 60. — Wrouobt-Ikon and Stkbl Pipi (Doubuc Extsa Hxavt) 





^In.> 


M».. 


fU,.' 


(8<i.ta.) 


^F 


NomuuJ 


luida 


Oiitsde 


2 
6 


1.491 
1.755 
2.284 
2.716 
3.136 
3.564 
4.063 
4.875 


2.375 
2.876 
3.500 
4.000 
4.600 
5.000 
5.563 
6.826 


1.1089 
2.0055 
3.439S 
4.9388 
6.8239 
9.0877 
12.0708 
20.1410 


1.3168 
2.8829 
6.0196 
9.8777 
15.3539 
22.7192 
33.5749 
66.7176 


0.705 
0.842 
1.046 
1.206 
1.371 
1.536 
1.722 
2.066 


2.686 
4.073 
6.524 
6.772 
8.180 
9.659 
11,341 
15.807 


9X>2 
13.68 
18.66 
22.75 
27.48 
32.63 
38.12 
63.11 



Table 61,— SBAxusaa Coppek and 






a-iH.' 


Mb.- 


.... 


(4.15.) 


WbohWI*./!™. 


Nomind 


iHide 


ouuidt 


Oq^iw 


Btw 


1^ 


0.625 
0.822 
1.062 
1.368 
1.600 


0,840 
1,060 
1.316 
1.060 
1.000 


0,0403 
0.070B 
0.1280 
0,2412 
0.3342 


0,0169 
0.0372 
0.0842 
0,2006 
0.3174 


0.262 
0.333 
0.423 
0.660 
0.620 


0.2474 
0.3352 
0.4723 
0.6944 
0.8247 


0.95 
1.31 
1.79 
2.63 
3.15 


0.90 
1,25 
1.70 
2,50 
3.00 


2 


2.062 
2.500 
3.062 
3.500 
4.000 


2.375 
2.875 
3.600 
4.000 

4.600 


0.5664 
0,9976 
1.7405 
2.5965 
3.3659 


0.6732 
1,4336 
3.0466 
5.1909 
7.6491 


0,786 
0,950 
1.160 
1.330 
1,505 


1,0907 
1,5831 
2.2572 
2,9449 
3,3380 


4.20 
6.04 
8.72 
11.45 
13,33 


4,00 
6.76 
8.30 
10.90 
12.70 


6 

7 
8 


4.500 
5.062 
6.125 
7.062 
8,000 


5.000 
6.663 
6.625 
7.625 
8.625 


4,2128 
5,2932 
7,6768 
11.4789 
16.3499 


10.6319 
14.7278 
25.4293 
43.7634 
70.8092 


1.700 
1,880 
2.266 
2.598 
2.941 


3.7307 
4.1808 
6.0069 
6,4943 
8.1607 


14.60 
16.64 
19.23 
25.53 
32.10 


13.90 
16.76 
18.31 
23.74 
29.86 



Table 62.— Wrodoht-Ihon, Steel, Coppeb and Brabs Pipe (Eit»a Heavy) 


Dl^UI^ flN.) 


*Iit.> 


7-lK.' 


r,lN.' 


(Bo. IH.) 


Wkomt (L../Ld(. F».) 


Nornmid 


Iiuide 


OuUide 


H 


Copp^ 


BnM 


■1 


0,642 
0,736 
0.951 
1.272 
1,494 


0.S4O 
1,050 
1.315 
1.660 
1,900 


0.0480 
0.0861 
0.1619 
0.2940 
0.4152 


0,0202 
0.0452 
0.1064 
0.2438 
0.3946 


0.250 
0.321 
0,402 
0.523 
0.604 


0.3235 
0,4405 
0.6478 
0.8934 
1.0823 


1.09 
1.39 
2.17 
3.00 
3.63 


1.33 
1.75 
2.48 
3.47 
4.46 


1.20 
1.66 
2.36 
3.30 
4.26 


2 

3« 


1,933 
2.315 
2.892 
3,358 
3.818 


2,375 
2.875 
3.500 
4,000 
4.600 


0.7370 
1.3464 
2.2432 
3.1568 
4.3026 


0,8749 
1.9404 
3,9255 
6.3136 
9.6809 


0.778 
0.923 
1.135 
1.306 
1.475 


1.4955 
2,2827 
3,0523 
3.7097 
4.4551 


5.02 
7-67 
10.25 
12.47 
14.97 


5.73 
8.72 
11.76 
14.39 
17.33 


6,46 
8.30 
11,20 
13.70 
16.60 


6 
6 


4.181 
6.750 


5.563 
6.625 


7.4186 
12.3260 


20.6339 
40.8297 


1,839 
2,193 


6.1130 
8.4960 


20.54 
28.68 


23.94 
33.60 


22.80 
32.00 
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To find the weight per foot of rectangular sections, multiply the croas- 
section in inches by twelve and by the weight per cubic inch (shown in 
Table 55). The weight per foot of pipe may be read direct in Tables 59 
to 62. By substituting the computed weight in the formula for obtuning 
the maximum bending moment in a uniformly loaded beam with two sym- 
metrically placed concentrated loads, the following is obtained: 



JVf« 



By inserting Afnu as computed from this equation and /, as given in 
Table 55, in the formula 5 =Af «!-;-/, the required section modulus ot 
busbar B is obtained. 

To ascertain whether the tube size previously selected for conductivity 
has the correct section modulus, Tables 59 to 62 are referred to, and the 
values of <S as found there are compared with the required value S as com- 
puted. The dimensions chosen for strap material should be such that their 
product is the cross-section required for conductivity and also such that 
when they are substituted in the formula jS=(M*)+6 (where 6 is the 



,o™t X 
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^. 203. — Conditiona Assumed Tor Example Showing Application of Data 

thickness and d the depth of a strap laid on edge) a value equal to or greater 
than the required sectional modulus is obtained. 

Deflection of Tubing. — The dimensions required to prevent a deflection 
of more than 1/360 of the span may also be determined from the tables 
with the help of the following formulae: 

Case 1. — ^Bar supported at both ends and uniform load. 

o ... 5WV' CWP 
Reqmred7=3g^^ = -^. 

Case 2. — Bar supported at both ends and load concentrated at mid-span. 
Case 3. — Bar supported at both ends and two symmetrical loads. 



Requited /= 



P»(3i'-4<i') , bWf 



C'Pa(6P-Sa')+CWJ' 
D 



24ED ^384fiD 

Id which a is distance from load to neatest support; W is total load (in 
pounds) uniformly distributed and including weight of bar; Wt is total 
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weight of bar (in pounds) ; P is load (in pounds) concentrated; I is length 
of span (in inches), and D is deflection (in inches). 

The values of E, C and C are given in Table 57. When I is computed, 
the aise of tube needed can be ascertuned by usii^ Tables 59 to 62. 





Tablb 67.— CORHraT 1650 Amp 


(Seb Fig. 303) 














'-f 












£ 


3 


i 




j 


(Aj».) 


HRAt. 


Bum 


X 




1 


J 












ex 








1 






£ 


X 


« 


<n 


& 


Aliiminiim 


2mx)^m.x5Ki°- 


3.00 


2,236 


6,000 


045 


2gg 


620 


1,628 


Aluminum 


2ia.xiitiD.xiHi^- 


3.04 


2,236 


6,000 


0.4£ 


i.8» 


620 


1,647 


Hard copper 


2in.xKiii.x3>^m. 


6.74 


4,710 


10,000 


0.47 


1.02 


1,000 


1,760 


Soft copper 


2m.xyim.x3^ia. 


8.74 


Vio 


5,000 


0.94 


1.02 


1,000 


1,760 


Seamleee copper 


















tube 
Se&mleas copper 
tube 


2>iin.8td. 


6.04 


4,375 


10,000 


0.44 


1.00 


1,000 


1,583 


2in.ex.h. 


6.73 


4,140 


10,000 


0.41 


0.74 


1,000 


1,496 




















tube 


3m.Btd. 


8.30 


6,910 


9,000 


0.66 


1.74 


600 


1,364 


SeamlMB brass 


















tube 


2J^ex.h. 


8.30 


6,910 


9,000 


0.66 


1.35 


600 


1,370 


Seamlea brass 


















tube 


SJ^Btd. 


10.90 


7,645 


9,000 


0.84 


2.60 


600 


1,767 




















tube 


3m.ex.b. 


11.20 


7,776 


9,000 


0.86 


2.24 


600 


1,831 



Table 68. — Useful CnoBS-SECnotr EgniTALBim 



1 mil > 0.001 in. 

1 circ. mU= 0.7864 eq. mil. 

Isq. iiul-1.273cin:. mil. 

1 sq. in. '=1,273,240 circ. mils-l.OOO.OOO sq. mils. 



In the selection of straps for busbais it must be home in ttund that twist- 
ing occurs before the safe limits for other phenomena are reached. By 
experiment the following limitations have been obtained : The unsupported 
span should not exceed 7 ft. 6 in. for co{^r and 10 ft. for aluminum. 
Furthermore, it has been found that these spans should not be attempted 
without providing rigid clamps over separators at a spacii^ not exceeding 
3 ft. 9 m. 

For columns or struts use a maximum raUo of slendemess !-^^= 120 and 
P= 19,000- (lOM) -^r up to a maxunum value of 13,000 lb. per square inch. 

III. Useful Diaorahs and Data 
Flow of Water in Open Channels.— The chart of Fig. 201 affords a com- 
pact convenient means for solving graphically flow problems based on the 
well-known Kutter formula. In the notation, R is hydraulic radius or 
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mean depth; S is slope of the water surface; n the coefficient of roughnea 
and c the constant in the expiession, V=e^RS is taken as, 
41.6+(0.0028/»)+(l^l/n) 
""l+|4l.6+(0.0028/»)) (n/VS' 




Fie. 204.— K. R. Keuiiaon'i 
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By means of the dia- 
gram any one of the 
four variables, V, R, S, 
or n can be found when 
the other iiaee are 
known. 

Frictioa Loss la 

Wroug^t-Iron Pipes. 

— ^The curves of Fig. 

205 deal with three 

variables so that in 

^ case two are known 

K the third can be found 

e directly. The diagram 

A is plotted with veloci- 

"l ties from 1.0 to 10.0 ft 

£ per sec. and friction 

I .g head per 100 ft. from 

I I 9 0.1 ft. to 100 ft. 

U s Example. — Assume 

1 ji .J it is desired to know 

g X the drop in head per 

J " ^ 100 ft. of 12 in. pipe 

3 1 g with a velocity of 

a J water of 5 ft. per sec. 
I I ]| Starting on the lower 

£ a O scale at 5 ft. per sec. 

f ^ and nmnii^ verticaJly 
s^ up to a 12 in. pipe, 
-g then horizontally 
J across to the left hand 
T. scale, it is found that 
§ the drop in head will 
« be 0.8 ft. per 100 ft. of 
* pipe. 

Siphons. — When 
water is lifted by a, 
pipe line to a greater 
height than the initial 
water level by siphon 
action in the course of 
such a line overvalleya 
Vri«rtfrinF«tp«8.«-d - - and the like, the dis- 
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charge may be taken equal to that of an ordinary pipe. In such cases, how- 
ever, special attention must be given to bends and elbows. The bead neces- 
sary to overcome the friction of bends in the pipe when deducted from 
the actual head will give the head under which the discharge will take place. 

- 9 8«a as9- "'•■' -^ ^ 3233 



s 

3 
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In all aphons, arrangements must be made to secure an effective flush 
through them. 

Specific Speeds for Different Heads and Wheel Ratings.— Present prac- 
tice indicates that the Francis turbine wheel is suitable for heads as high as 
700 ft. and specific speeds (metric miits, see page 27) as low as 12, and im- 
pulse wheels for heads up to 3000 ft. or over, with specific speeds as high as 
4 for heads up to 2000 ft. There are so few plants employing he&ds above 
2000 ft. that practice has not shown just what specific speeds can be 
reached with impulse wheels under these extra high heads. In Fig. 208 is 
shown a graphical solution of the general equation for specific speed for 
heads from 100 to 2500 ft., speeds from 200 to 720 r. p. m. and horse-powers 



BB'B'—BitetiialFiMiil (Not Incladliw Poosr TnufoRiHil) 

00'G"= El«etrtg>l Plant Complete (Ineludlns: Guwnton, Eicttcn. Tnuuroimen uid Sw-Bdi> 
J)i)'2)'^BTdniilieuidEI«triciilPUiit (WItboat Power Tnoiformsn) 
EE'E'= ^rdn-BlMtilc Powei' Station Cempletq 



from 1000 to 25,000 as worked out by J. P. Joliyman of the Pacific Gas and 
Electric Company, San Francisco, Cal. (" Proceedings" June, 1915, Con- 
vention National Electric Light Association). An inspection of this 
diagram shows that there are many combinations of bead, speed and output 
which (pve specific speeds between 4 and 12 and which cannot therefore be 
met by either a Francis turbine or by a single jet impulse wheel. To se- 
cure a proper solution it becomes necessary to change the speed or the 
output required from a single jet wheel. In general it may be said that the 
most desirable speeds for water wheel generators from 3000 kw. to 15,000 kw. 
are about 400 r. p. m., and that this speed tends to call for impulse wheels 
having high specific speeds and Francis turbines having low specific speeds. 
24 
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From the standpoint of efficiency the water wheel is by far the most 
important part of the plant, since under favorable conditions a greater 
gain can be secured in the efficiency of the wheel than in any other part. 
It is therefore essential that the speed and output of the units be selected 
with reference to securing the best possible conditions for the water wheels. 



Minimizing leakage and taking care of end thrust are probably of greatest 
importance in the de^gn of Francis turbines. Balancing is automatically 
accomplished by proper arrangement of the leakage ports. If unchecked 
by a governor, water wheels may attain 200 per cent, of rated speed, there- 
fore generators used with them should be designed to withstand the cx- 
cesfflve stresses and the increases of voltage which are caused thereby. 
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Rating of Govemors. — The following formulae can be used to approxi- 
mate closely the size of governor required for any water wheel having 
wicket gates, as made by the different governor manufacturers. 

(1) Rating in ft.-lbs. 

HpXC 

(2) Rating in rt.-Jb8. = -J^ 

(3) Rating in ft.-lbs. == ^^~ 

Where, Hp is horae-power of the wheel unit; H is operating head ; D is 
diameter of runner in inches; K is ratio of width to diameter of runner; N 
is number of runners and (7 is a constant. 

Formula (1) may be used for governors made by Piatt Iron Works; 
formula (2) for those made by Allis Chalmers Manufacturii^ Company, 
S. Morgan Smith Company, Wellman-Seaver-Morgan Company and the 
Pelton Water Wheel Company; and formula (3) for those made by James 
Leffel and Company. The constant C for formula (2) has a value raiypng 
from 20 to 55 depending upon the head, power, type of guide vanes, gates, 
gate riggings, etc. For a maximum governor effort to open gates of about 
8000, the value of C may be considered about 32. Manufacturers should 
be consulted in selectii^ the rating for a governor especially when the effort 
to overcome unbalance of gate may be excessive. 

Weights of Prime Movers and Electrical Machinery. — ^The strsught line 
curves' of Figs. 209o and 6 give the approximate weights of machinery of 
modem design. The weights given are total for complete machine. In 
Fig. 2096 the abscissas for the alternator curve should be considered as 
kva./r. p. m. while for induction motors it should be taken as (kw. output/ 
r. p. m.)- On the average electrical apparatus is not as heavy as prima 
movers for the same kva./r. p. m. 

Cost Data on Elbctmcal Generating Unitb, Motors and Prime 

Movers • 

Table 69. — Cost of Machiheb in Doixahs 



ir Mkcmtn 



Can IK Ddllahs 



New direct-cuirent generators and motors 
Second-hand directHnirrent generators and motors 
360a-r.p.m. turbo-alternator sets 
1800-r.p.m. turbo-alt«niator sets 






• EUctriad World, Oct. 2, 1915.— "Coat per Pound of Electrical Machinery," by 
Leonard A. Doggett. 
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Tabls 70.— Coot 










«— "^— 


New OB 

BKO«n-HAm 


Kw, + R.F.ii. 


0.001 


0.O1 


0.1 


1.D 


lao 


motora 
Alternators 


New 
New 

New 
New 


85 
100 


280 
260 


1,150 
860 
1,200 


6,600 
3,500 
4,600 
37,000 


16,000 
136,000 


Low-^ieed engines 
High-speed enmnes 

High-speed enffnes 


New 
New 
New 
New 


Com 

Com 
Sim 

Sim 


pound 
pound 

pie 
pie 


1,600 
680 


iifiOO 
4,900 
3,200 
2,530 


17,700 


Direct-current generators and 

motors 
Induction motors 
Alternators 
Engme-driven directr-cuirent 

and alternating-current 

generators 


Second-hand 
Second-hand 


40 
45 


120 
170 
140 

200 


450 
660 
450 

700 


1,600 
2,600 
2,200 

3,000 


8,000 
13,000 



Tablb 71.— 


WraoHT 


IN POTODS 






Naiu or Macsihe 


KW. + R.F.H. 


0.001 


0,01 


0,1 


1.0 


10.0 


DirectKiurrent generatora and motors 


130 


810 


4,200 


22,000 


110,000 








2,800 






Alternators 
Turbo-altematora 


130 


810 


4,200 


20,000 
170,000 


90,000 
640,000 




















4,500 


31,000 




Engine-dnven direel-current and alter- 
















1,400 









Table 72. — Cents p 



Nau 



IF MAcnnfl 



Sbcohs-Uind 



Direct current generators and 

motors 
Induction motors 
Altematora 
Turbo-altematoTS 

Low-speed engines 
Hie^-speed enipnea 
Low-speed engines 
High-speed engines 

Direct-current generators and 

motors 
Induction moton 
Alternators 
Engine-driven direcMunent 

and alternating- current 

generators 



New 

New 

New 

New 
New 
New 
New 



Second-hand 
Second-hand 
Second-hand 



pound 
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BkeotCulb 


OBinpulOOOFsR 


1 

PocKsa 


SriMDAHD CoHCnmic 


^""S^^:^"™" 


aicuiu 

Mils 


a"' 


2B»C 

(-7rF) 


«6'C 

(-140° F) 


P« 


WilH 


S' 


eler, in 
Mill 


T 


of Wim, 
in Mil. 


Outaila 
Dum- 


Ik 




ffii 


:008fl2 


M«o: 


127 


12fi.J) 

imi 


1831. 
16*8: 


16B 

lee 


103:2 


iS 


i^SS 




.006 34 
.009 T4 


:SS??I 


4Bto! 


}i? 


112:2 


l^: 


lee 


'S?:i 


i4oa 


1300 000 




ffli 


:ooes8 


4^: 


ii 


12S.4 


1412. 


127 

127 


101:2 


13S5, 
1315. 


iiSSS 




.008 90 

.009 81 


:S1!J 


3710. 


01 


IS;! 


1263, 


127 


93:? 


1204. 


'ii 




:oi2o 


.0124 
:013S 


E 


s 


iS 


IS 

loes. 


;i 


0B.4 


{S. 

1004. 


7M000 




.0127 

:oi*4 


:0166 


2620. 
2320! 


!i 


IK 


1062. 
1031. 


si 


06.6 


fiOB. 


MO 000 




:o!m 


:o1m 


2160. 


SI 


l£i 


Z: 


:i 


87,7 


ses. 
03a 


000000 




.OlSO 


.0207 
.0220 


isa 


81 


SS 


803. 
845. 


01 


U;? 


s 


sssss 

400 000 




s 

.0270 


s 


iS 


1 


IK 


728. 


81 

SI 


K 

81.0 


g 


390000 
MOOOO 




.QBM 


.03M 


'B: 


37 
37 


B7.a 

S2!2 


081. 
B7e. 


61 


75,7 
94:0 


682. 


212 000 
133 000 


0000 

00 


.ma 

:osu 


.0S87 

!os3e 


6M. 
411, 




10fi.S 
SsiT 


628. 

418. 


37 


76.6 
00.0 


533, 


loeooo 

S3 TOO 





.103 


.117 


320. 




74,S 


332: 


37 


S:S 


374, 
333. 


M400 
62«00 


i 


ss 


:^ 


20S. 




67.4 


2fl2. 


IB 


89,1 


296. 


SS!88 


s 


3 


:^ 


102: 




77.2 
68.8 


2o«: 


Ig 


J?:? 


234. 
209. 


IE 


I 


S 


S 


il 




48,6 


i«; 


IB 


3r:i 

20.5 


168, 
147, 



Thu ublala UkanfromOrcularNo, 31, Coppei 

'" ■ - " ■ Ih lUunUrcfc "dmilnd hy Ihe Standirda Coi 

ir«I>iMttothe"Ni 

«jid "^niKb par 1000 Iwt" ua 2 p« « 



Tibln. Third EiiilioD, Ootober I, 1BI4. U. S. 
■ ■ ■ Ihe Stand ' - . : . . 

II of wim ' 

Ttaevalucii 



Copper Wirb. — 98 per cent. Pure Specific Gravity 8.8i 
Weight per 1,000 feet - ,003027 X* or ^^ 



Weight per mile - .015983 X* or mTb? 

™, . . T, 30,815 tOlSCfl! 
Reaistance pw 1,000 feet at 60" F. --^ — 

10507.4 



W per 1,000 ft. ** 
ReaiBtance per 1,000 feet at 75' F. -^ 



ffper 1,000 ft.' 
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Specific conductivity of pure eoppet ia 100 (100 inchee pure copper wei^ung 100 ffsium 
at 60° P.— 0.1516 ohms) of commerci&l copper, from 96 to 102peTeeot. of trtBudard. 

Hie peroentage of conductivity of copper ia found by meaauring the reeistance of (t 
sample of the aame length and wei^t as the standard and at the aame tempcnture, 
A—reeiBtance of atandard, r— the reNstance of sample, —per cent. coiidu<y 



Tabui 75. 


EQU1VA1.BNTS 01 


r WmEa: B ft 3 Gavok 




2-0 




4-3 




8-6 




16-0 




32-12 - 


64-lfi 


2-1 




4-i 




8-7 




16-10 




32-13 - 


64-16 


2-2 




4-5 




8-8 




16-11 




32-14 - 


64-17 


2-3 




4-6 




8-9 




16-13 




32-15 - 




2-4 




4-7 




8-10 




16-13 




32-16 




2-3 




4-8 




8-11 




16-14 




32-17 




2-6 




4-9 




8-12 




16-15 




32-18 




2-7 




4-10 




8-13 




16-16 








2-8 




4-11 




8-14 




16-17 








2-9 




4-12 




8-15 




16-18 








2-10 




4-13 




S-lfi 












2-11 




4-14 




8-17 












2-12 




4r-15 




8-18 












2-13 




4-15 
















2-14 




4-17 
















2-15 




4-18 
















2-16 




4-19 
















2-17 




















2-18 




















2-19 





















Table 76.— Decimal Equfvauintb 
Stha, 16tha, 32ds and 64tha of an Indi 

8thB 



1/8 =.125 


1/2 -.600 


3/4 -.760 


1/4 -.260 


5/8 =.625 


7/8 -.875 


3/8 -.375 


letha 




1/16 =.0625 


7/lfi-.4375 


13/16 -.8125 


3/16 -.1875 


9/16 -.5625 


15/ 16 =.9375 


5/16 =.3125 


11/16 = .6875 
32dfl 




1/32 = .03125 


13/32 =.40625 


25/32 -.78125 


3/32 = .09375 


15/32 -.46875 


27/32 -.84375 


5/32 -.16625 


17/32 = ,5312.5 


29/32 -.90625 


7/32 =.21875 


19/32 -.59.S75 


31/32 -.96875 


9/32 -.28125 


21/32 -.55625 




11/32 -.34375 


23/32 -.7 1875 
64tha 




1/64 -.015625 


23/64 -.3'>9375 


45/64 -.703125 


3/64 = .046875 


2.^/64 -.390625 


47/64 -.734375 


5/64=078125 


27/64-,42l875 


49/64 =.765625 


7/64 -.109375 


29/64 = .453125 


51/64=796875 


9/64 =140625 


31/64 -.484375 


53/64 -.828125 


11/64 -.17 1875 


33/64 -.615625 


55/64 -.869375 


13/64 = .203125 


35/64 = .546875 


67/64 -.890625 


1,5/64 = .234375 


37/64 - .578125 


59/64 -.921875 


17/64 = .265625 


39/64^.609375 


61/64 -.953 125 


19/64 = .296875 


41/64 = .640625 


63/64=984375 


2i/64-.328125 


43/94 -.671876 
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Table 77 


— WiEE Gauqeb in Mils 












BlB- 


Nn 








Bi>-' 1 Maw 




Ron 


f Browh* 


WKO- 


Bhti 


- NO. 


Ro«^ 


BniirH* 










BBxmn 


MXM* 


Star 


UHO* 


Sbxu* 




4 »TAMI>- 








Stubs 










BTDUI AMD 


000,000 


*460 






464 


16 


63. 


50.82 


65 


64. 


00,000 


43t 






432 


17 


54. 


45.28 


58 


56. 


0,000 




460. 


454. 


400 


18 


47. 


40.3 


49 


48. 


000 


m 


40».6 


.^5. 


372 


19 


41. 


35.89 


42 


40. 


00 


331 


364.8 


380. 


348 


20 


35. 


31.96 


35 


36. 





307 


324.9 


340. 


324 


21 


32. 


28.46 


32 


32. 




283 


289.3 


300. 


300 


22 


28. 


25.35 


28 


28. 


2 


263 


257.6 


284. 


276 


23 


25. 


22.57 


26 


24. 


3 


244 


229.4 


259. 


252 


24 


23. 


2ai 


22 


22. 


4 


225 


204.3 


238 


232 


25 


20. 


17.9 


20 


20. 


6 


207 


181.9 


220. 


212 


26 


18. 


15.94 


1& 


18. 


6 


102 


162. 


203. 


192 


27 


17. 


14.2 


16 


16.4 


7 


177 


144.3 


180. 


176 


28 


16. 


12.64 


14 


14.8 


S 


182 


128.5 


165. 


160 


29 


15. 


11.26 


13 


13.6 





148 


114.4 


148. 


144 


30 


14. 


10.03 


12 


12.4 


10 


135 


101.9 


134. 


128 


31 


13.5 


8.93 


10 


11.6 


11 


.120 


90.74 


120. 


116 


32 


13. 


7.95 


9 


10.8 


12 


105 


80.81 


109. 


104 


33 


11. 


7.08 


8 


10. 


13 


92 


71.96 


95. 


92 


34 


10. 


6.3 


7 


9.2 


14 


80 


64.08 


83. 


80 


35 


9.5 


5.62 


6 


8.4 


15 


75 


57.07 


72. 


72 


36 


9. 


5. 


4 


7.6 



IV. CoNVEBSioK Factors Useful in Htdsoelectbic Work 
CWeight of one cubio foot of water taken as 62.4 lb.) 
One ft. head » 0.434 lb. per square ineb prenure. 
One hp. under one foot head —8.83 second ft. 
One kw. under one foot heEid-11.82 second ft. (100%) 
One acre per day= I.8I5 eq. ft. per hour. 
One acre per hour =12.1 sq. ft. per second. 
One cu. ft. per second under one foot head » 0.847 kw. 
Onecu. ft. per second under one foot head = 1.1135 hp. (100%) 
One cu. ft. per second » 1.9835 acre ft. per day. 
One cu. ft. per second •• 102 meters per hour. 
One cu. ft. per day ■■ 1.18 liters per hour. 
Oneacreft. under one foot head ••1.022 kw. hours. 
One cu. in. per second - 50 cu. ft. per day. 
One Uter per second = 127, 132 cu. ft. per hour. 
One acre ft. per day = 0.504 second ft. 
One acre ft. per day ~ 1.815 cu. ft. per hour. 
One acre ft. per hour-726 cu. ft. per minute. 
One acre ft. per hour — 12.1 second ft. 
One in. in depth = 3,630 eu. ft. per acre. 
One ft. in depth -43,500 cu. ft. per acre. 
One meter in depth — 142,913 cu. ft. per acre. 
One in. of rain per month (30.45 days) -0.8832 sec. ft. per sq. mite. 
One in. of rain per year (365.25 days) - 0.0730 sec. ft. per sq. mile. 
One cu. ft. per acre =0.0002755 inch in depth. 
One cu. in. per sq. ft. —0.007 inch in depth. 
One liter per sq. meter -0.0394 inch in depth. 
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1,000:000 ea. ft. per luav per d^»0.0002657 ft. per second. 

1,000,000 cu. ft. per acre per bour-0.006377 ft. per eecood. 

1,000,000 ca. ft. per acre per second = 1.98347 ft. per day. 

Oae in. per hour*87,120 cu. ft. per tkcre per day. 

One in. p€r hour — 645.33 cu. ft. per sq. mile per Becood. 

One ft. per hour=7,744 cu. ft, per Bq. mile per Mcood. 

One hp. hour = 1,980,000 ft. Iba. 

One watt haur-2,a54.3] ft. lbs. 

One meter hp. hour - 1,052,910 ft. lb. 

One hp. "SSO ft. lb. per aeoood. 

One hp. - 1.0139 meter hp. 

ODewatt>0.00134hp. 

One meter bp. -^CfieOS bp. 

Onekw.-lKbp. 

^lecific ETavity (^ »ea water — 1.02S. 

Atmospheric preesure at tea levd, average 14.7 lb. 

Height of a colmnn of mercury in a perfect vacumn at bba level -29.9 in. 

Height of a column of water in a perfect vacuum at sea level— 34.9 ft. 

If the head of a column of water is expreesed in feet and the {veaaiire at tbe foot of the 

column in pounds (lbs.) per square inch, then 
head— 2.31 xpreesure 
pressure -head +2.31 

— 0.434 X head (independently of the Ate of column) 
An approximate allowance for friction-head can be made by aubetituting 0.5 for 0.434, 

thus 

total preasure =0,5 x head (approximately) 
If (d) is the diameter of a pipe and (I) the length, both in inches, then tbe capocAy will 

be - 0.000465 (P I cubic feet. 
The weight of water in lbs. in a pipe is 0.0284 tP I 

The weight of water in a pipe one yard (36 in.) long will be 0.024 x 36tf- 1.022tP, 
that is, the weight of water in lbs. per yd. in a pipe can be taken as equal to the square 

of the diameter in inches with an error only of about 2 per cent. 
Barometer in inchee x 0,4908 ^preMure per square inch. 
Atmospheric pressure )^ mile above sea level = 14.02 lbs. per aq, in. 
Atmoapheric pressure ^ mile above sea level— 13.33 lbs. per sq. in. 
Atmospheric pressure H mile above sea level •■ 12.66 lbs. per sq, in. 
Atmospheric preaauie 1.0 mile above ees level— 12.02 per sq. in. 
Atmospheric pressure IJ^mile above sea level -11.42 Ibe. per sq. m. 
Atmospheric pressure IJ^ mile above aea level — 10,88 Iba. persq. in. 
Atmospheric pressure 2.0 miles above sea level —0.88 Iba, per sq. in. 
The i>quivalent HEAD of water in lbs., is for 
Sea level = 33.95 lbs. 

Altitude, Ji mile above sea level = 32,38 lbs. 
\i mile above sea level-30.79 Iba. 
% mile above sea level —29.24 lbs. 
1.0 mile above sea level -27.76 lbs. 
l]4 milee above sea level— 20.38 lbs. 
13^ miles above sea level -25, 13 lbs. 
2.0 milee above sea levd-22.82 Iba. 
One ft, of water 39.1 deg. P. -62.425 lbs. on the sq. ft. 
Oneft. of water 39.1 deg. F. -0.4335 Iba. on the sq. in. 
One ft. of water 39,1 deg, F. -0.0295 atmosphere. 
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One ft. of water 39.1 d^. F. -0.8826 in. of mercury at 32 deg. P. 

One ft. of water 39.1 deg. F, -773.3 ft. of air at 32 d^. F. 

One lb. on the sq. ft., at 39.1 deg. F. -0.01602 ft. of wat«r. 

One lb. on the sq. in,, at 39.1 deg. F. -2.307 ft. of water. 

One ft. of water at 62 deg. F. -62.355 lbs. per sq. ft. 

One ft. of water at 62 d^. F. -0.433 Ibe. pw aq. in. 

One in. of water at 62 deg. F.= 0.036 Iba. per sq. in. 

One lb. of water on the sq. in. at 62 d^. F. -2.3 ft. of watar. 

One ft. of water per second -0.3048 meter per second. 

One ft. of water per second -0.018288 kilometo' per minute. 

Onett.of water per second 0.011364 mile per minute. 

One met«r )ength-3.2S ft. 

One kilometer length = 3,280 ft. 

One kilometer length - 0.02137 mile. 

One ft. leDgth-0.30i8 met«r. 

One meter per Beooiul=3.28 ft. per second. 

One meter per second =• 0.06 kilometer per minute. 

One meter per second — 0.0372S3 mile per minute. 

One kilometer per minute = 54.682 ft. per second. 

One kilometer per minuteBl6.667 meters per second. 

One kilometer per mimite— 0.62138 mile per minute. 

One mile per minute— 88.0 ft. per second. ~ 

One mile per minute —26.822 meters per second. 

One mile per minute — 1.6 kilometers per minute. 

One liter (1 cu. decimeter) = 61.023 cu. inches. 

One Uter (I eu. decimeter) -0.03531 cu. ft. 

One liter (1 cu. decimeter) -2.202 lbs. of water at 62 deg. F. 

One cu. ft. capacity 28.317 liters. 

One cu. yd. (27 cu. ft.) =764.559 liters. 

One gallon (British) -4.543 liters. 

One gallon (British) -277 .274 cu in. 

One gallon (American) -3.785 liten. 

One gaUon (American) -231.0 cu. in. 

One acre - 43,560 sq. ft. 

One acre -208.71 ft. on one side of square. 

One acre— 4,840 sq. yds. 

640 acres— 1 sq. mile. 

247.11 acrse-l sq. kilometeT. 

2.4711 acrea-l hectare. 



V. Outline; of Htdboelectric Dbvelopmbnt and Nouenciatore 
Gbneral Pbatubib or thb Ststku: 

(A) Head-works. 

(B) Forebay. 

(C) Power-house. 
Peotbction of the Stbteu: 

(a) Expansion joints. 

(b) Air-valves. 

(c) Sluice-gates. 
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¥ig. 210.— EesentUl Features of a Hydraulic Syetem 
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Pakis or THK SraTBM: 

Intakk (A'). — Other things being equal, the int&ke should be located at the dam 
and be a part of it. 

CoHDDiT (B*). — This may be of any combination — flume, canal, tunnel or earUi- 
ditch, and should be of such a grade bb to insure safety. 

SuBQB- OR Stamdpipk (C). — This should not be of a leas siie than the total area 
of penstock pipes and much larger if ponible to insure satisfactory operating con- 
ditions. In every case (C*) is much preferable. 

REQULATDfa Basin (C). — This should always be used in preference to a stand- 
pipe. Its use will not only reduce the strain on the pressure pipes, but it may be 
drawn from as required during heavy overloads, or other sbort^period calls for mcffe 
power at the power-house. It may also receive water to take care of loads during 
summer droughts, etc. 

Fenbtock (pressure pipes) (D'). — This may consist of either reinforced concrete 
(wet or diy mix) pipes, steel or iron pipes, or wooden-stave pipes, with expansion 
joints and air valves properiy located along the pipe line. 
Appubd Formula: A number of formulie are used for hydraulic calculations. In fact, 
taking only the varied formula for discharge coefficient e, reduced to the form 
F^cV^S, there are about 20 different formulae from which to choose, as the Smith, 
Williams, Basin, Unwin, Kutto-, Flamant, Lampe, Darey, Moriti, Hawksley, 
Weisbaek, I^wford, Peony, NelviUe, Fanning, Eytelwein, Bruges, Qimp, and 
T^or, eto. Those formube are given which are in common use on hydrodectrio 

Key to Sthbols Used ik Fobhulas or Fia. 210 

Ac —Surge-pipe area. If Ai, equals Jc then Hi=V'^lb+0 

a —Cross-sectional area of conduit. 

C —Regulating badn or res^voir. Where this is constructed and used, the stand- 
pipe is of no use. 

Ci — Standpipe. This is not employed where a regulating basin has been provided. 

d — Diameter of pipe in inches. 

di =Diameterof pipeinfeet. 

O -Equal to 32.16. 

k -Head in feet. 

H —Head lose by friction. 

hp. — HoiBe-power. 

Hi —Theoretical head due to velocity of water. 

Hv -Head due to pressure. 

Hu - Excess pressure on pipe in feet of head due to sudden stoppage of flow. 

Hi — Maximum hei^t of water in surge-pipe when all the eneigy is given up. 

Ht —Total head m feet; where Hj is the distance above datum line in ft., and p is 
pressure in lbs. per sq. ft. 
+Hi -Greater than H,. 
-H, -Less than ffi. 

It -Total length of conduit. 

Id —Total length of pipe line. 

Pa —Theoretical energy in aore-feet per kw.-*our; where Sa is the number of acres 
of regulating basin area per ft. depth. For any other efficiency below 100 
per etsit. multiply number by pven efficiency; as, for 80 per cent, is 
0.025x0.80-0.82. 

PUu —Stored ene^y in conduit or pipe line. 

Fm — PresBure increase per sq. in. at the bottom end of pipe line. 
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J)— .. .. Btsh-VsilUce Bi 

E = TniDunlnlon Llnca 

F = Snb-SUtion Hlcb-VtdtaEe Bowa 

Q= •• •• 8t4>-diniFii Tm»fonD*n 

U ■• tow-Vsltan Ba« 

Fig. 211. — Eaaential Features of a TranamissioD Sy8tem 
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Pt — Theoretical eoergy in kw.-bours stored in regulating basin. For any percentage 
belon 100 per cent, divide the divisor by ^ven percentage; u, 80 per cent. 
eff.ia42,500+0.80-50,00a-kw.-houi8. 

Pr =Wet perimeter of conduit, 

Q —Quantity of water dischai'ged in cu. ft. per second. 

B =Mean hydraulic radius,— a-i-Pr 

Bp "Hydraulic mean radius in pipe, equal to 0.25 diameter of pipe. 

8 >= Fall of water surface in any distance; sine c^ the angle of slope. 

S =HydrauUc 8lope=ft-i-I. 

Sp =ExceaB strain in pipe inlbfl. peraq. in. due t« sudden stoppage of flow. 

t '•Thicknefla of pipe in iochee. 

V —Velocity in feet per second (dtmenaions in feet). 
Vc •■Slope^Mttom and mean velocity in conduit. 

Vh "Velocity'^ead in pipe line. 

V =Velocity in feet per second (using constant coefficient). 





Statb 


■HUION V0LT»Q. 


8t*te 


Mxxntmi Taxm- 


Ahtbama 


110,000 


Nebraska 


33,000 


Arixona 


45,000 


Nevada 


66,000 


Aritansaa 


13,200 




15,000 


California 


150,000 


New Jersey 


33,000 


Colorado 


100,000 


New Mexico 


2300 


Connecticut 


33,000 


New York 


110,000 


Delaware 


2,300 


North Carolina 


100,000 


Florida 


6,600 


North D^oU 


6,600 


^rgia 


110,000 


Ohio 


33,000 


Idaho 


44,000 


Okkhoma . 


6,600 


SL 


66,000 


Or^on 


66,000 




35,000 




125,000 


Iowa 


35,000 


Rhode Island 


110,000 


Kansas 


60,000 


South Carolina 


66,000 


Kentucky 


33,000 
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Washington 
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Fig. 214.— Syatem of Coimcctioiu for a 25,000 Kw. Generating StcttJoa 
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Fig. 219. — ^Arrangranenta of Circuita in the 25,000 Kw, Cabin Creek GeDerating St&tioa 
of tbe Virgmia Power Company that Funuahes Energy to West Virgiuta Coal Hinw 
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Fig. 220.— Arraogementa of CircuiU for a 60,000 Kw. Geoereting Station 
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Fig. 222. — Circuits in a Large Switch-houae of a Large Power System 
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Fig. 22S. — Section throuKh Generating Station of LouiBville (Ky.) Gas and Electric 
Company SbowiDg Oil Switch Galleries 
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Fig. 230. — Method of Connecting Switches and Tranaformers by Open-Work I 
in Augusta <Ga.), Substation of Georgia-CaroUna Onnpany 



E^g. 231.— Plan of Station in Mg. 230 Showing Methodfl of Supporting Busee 
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F!g. 233. — Airangement of 2250 Eva. Outdoor SubsUUoa Equipment 
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FHg. 234.^Roof Oulleta tind Circwts for Outgoing Transmisson lines 
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Kg. 235. — Layout of Apparatus and Circuita (or Atlanta Substation of Georpa 
IliLilway and Power Company Rated at 60,000 Kva. When Constructed in 1613 t£is 
was the Largest Outdoor Substation in the World 
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Fig. 236. — Metering Connections used by Viipnut Power Company for Small Mine 
SubetatioDB 



Fig. 237, — Arruigement of lightning Arreatera for b Plurality of lines 
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fig. 238. — An AmsBement of Grcuita for Rotary Converters and Booster 
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Fig. 240, — Connections Showing Proper Location of Synchronous Condenser and BooHt«r 
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Kg. 241, — Grcuita of Small Rotary Converter Substation of Chicago System 
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Tin. 242.'-EUcctric Railway Subatatioa Showing Transfer Bus Airangement 



Pig. 243. — Atnuigements for a Give and Take Power Agreement with an Isolated Plant 

BcrviFc IB funiiHhed to bd office buildinc durinc wiotor frmD sn isolated plant and iu MHUiKt viwiy U 
putchued- Plant ia opemUfd by Ucht uui Davak^tmBnt Company of St. Louia. Mo. 
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F^. 244. — System of Cktonectioiw tor a Generating Staljon Supplying both Altemat- 
ing and Krect Current Energy to Industrial Plants ud Railways irom Steam and Water 
Power Units Airanged to Operate in Paialld 




Tig. 246.— System of Connections for a 9,000 Kw. Generating Station 
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I^g. 248. — System of Coimectioiis for Exdting Altematora 
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Fig. 249.— EUbonU Layout of Circuits for a. Large SubataUon 
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Fig. 251. — Eicit«r and Battery Schemes tor Exciting Alternating Currect Geaenlx 
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Hg. 253. — Switching Arrangements for Charging Each Half of & Battery in Parallel 
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Fig. 266.— MellHN] of VenUktinc to Increaae RiUng of WaUr Wheel Generaton 




--Pi"! 



Tig. 266. — Connectioiu for MinmuBng Series Traoafonnen 
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CONSTRUCTION RtlLES FROM NATIONAL EI^CTRICAl SAFETY CODB 
The following information has been abstracted from sections of the 
"National Electrical Safety Code" (Second Edition, November 15, 1916) 
dealing with the installation and maintenance of overhead lines. The rules 
as presented have been formulated by the Bureau of Standards, U . S. Depart- 
ment of Commerce, for incorporation in the Code which proposes national 
standards for the safe construction and installation of electrical equipment 
in stations, of electrical transmission, distribution and signal lines and of the 
electrical utilization equipment of factories and the like. Only those rules 
are given here which deal with overhead lines and embody recommenda- 
tions and considerations that are important to reliable and safe construction. 
For a complete version of all rules the code itself should be consulted. 

In the following rules different grades of overhead line construction are 
referred to and designated as A, B, and C. The conditions determining 
each grade of construction are defined in paragraphs Noa. 211 to 219 which 
follow and have largely to do with the various conditions of hazard involved. 

Grades of Oveiliead Construction 

211. Supply Links Crobbiko Ovbr Railways. Supply linea carried over railways, 
operated by Bteam, electric, or other motive power, except aa provided in rule 212 be- 
low, shall confonn to the construction requirements of grade A. 

212. Supply Lin^s Crohbinq Over Uniu porta nt Railways, (a) Supply lines 
carried over sidings not exceeding four tracks, or over spurs, or over branches or other 
unimportant railways operated by steam, electric, or other motive power, shall, with the 
exception noted in (b) below, conform to the construction requirements of grade B. 

TJmtDponant nilwayi gfln«ra]]y are those hbvios Dot mor« than a single panllel dsdaI oircuil. E&d^ 
nirmnta carried over m different right ol way (or part of their route, bul ooncerned in tb« operMian of the 
railw&y hne, are included aa patnllel senal circuits, n-itbin the intent of tfaiA paiajpipfa. 

(b) Supply lines carried over street railways, which are on traveled portions of hi^- 
ways, need conform only to the general requirements of sections 22 and 23 for supply 
lines other than those of grades A, B, and C and to th& construction requirements of 
rules 217, 218 and 219 where they apply, the trolley contact conductor being considered 
for the puiposes of this rule as a supply conductor of equal voltage. 

213. Signal Likes CnoaaiNO Over Railways, (a) Telephone, telegraph, and other 
signal lines carried over railways operated by steam, electric, or other motive power 
shall, with the exceptions noted below, conform to the construction requirements of 
grade D, as given in section 28. 

(b) Signal hnes carried over sidings not exceeding four tracks, or over spurs or over 
branches or other unimportant railways operated by steam, electric, or other motive 
power, shall conform, except as noted below, to the construction requirementa of grade 
E, as ^vcn in section 2S. 

(c) Signal lines carried over street railways not having overiiead trolley contact con- 
ductors exceeding 750 volts, where such street railways are located on traveled portions 
of highways, need conform only to the general construction requirements of section 28 
for signal lines in these situations. 

(d) Signal lines carried over electric railways having overhead trolley contact eon- 
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ductora above 750 volts shall oonform to the construction requirementB of grades A, B 
or C, according as the conditknu listed in rules 214, 215, or 216 apply. 

(e) Sigoa! lines which have assumed the character of supply lines shall, where cross- 
ing over railways, conform to the construction requirements of rules 211 or 212, accord- 
mg to the chsxacter of the rulway concerned. 

214. HioH Voi/TAOB Supply Likbs m CsoaarNO, Coktmctb, and Ckiunotr Use of 
Poles wtth Sional Lines, (a) Constant-potential alternating-current supply lines o! 
over 7500 volts, or constantr^nurent circuits exceeding 10 amperes, or direct-current 
grounded trolley circuits of over 760 volts, where at higher levels and crossing over or 
conflicting or on common poles with telqihone, telegraph, or other signal lines shall con- 
form to the construction requirements of grade A, except as noted below: 

(1) It KB Dot intended Ihmt tluB r«qtiinm«dt alull apply to nippbr Hnei M hisher levels than mgatl Hna. 
when over individual twiited pair drop wire* only, or where over other unimportant dceuita only. If eqaally 
effective protection ie semirad by oCher methods of oonatmotioii. 

(,2) When the signal line is at a lower level than the supply Urn and oanies not mora than tour wire* 
used mainly foe local eichansH eervice, or oatiies only subsorlben' loops, or oanies not more than two aa- 
importaot eonunereia] telecraph wires, (tade B may be used for the supply Use. 

(b) Signal lines, carried at higher levels than the supply linee listed m (a) above, in 
crossings, conflicts, or common use of poles, shall be of the grade of construction required 
in (a) (or the supply lines. 

215. Mediuu Voi/TAOB StippLT Links in Cbobsinos, Conflicts, and Couuon Use 
OF Poles with Signal Lines, (a) Constant^tentisl alternating-current supply 
lines of between 5000 and 7500 volts, or constant-current circuits of between 7.5 and 10 
amperes, where at higher levels and erossmg over or in conflicts or on common polea 
with the telephone, telegraph, or other signsl lines shall conform to the oanBtruction 
requirements of grade B, except as noted below. 

It b not Intended that thia reqidrsment shall apply to nipply £■>•■ at hii^iat levels than ncnal bnea 
wber« the latter are individual twisted pair drop wins only, or where over other unimportant cinniits only 
if equally effective pmleolion is seoured by otbn methods of aanstraotion. 

(b) Signal lines carried at higher levels than the supply lines listed in (a) above in 
crossings, conflicts, or common use erf pdea shall be of the grade of construction required 
in (a) for the supply lines. 

216. Low VowAQB Supply Lines in Cbosstnob, Contuctb, and Common Use o» 
Poles with Signal Lines, (a) Constantr-potential altemating'CurTent supply lines 
between 750 and 5000 volts, and constant-current circuits not exceeding 7.5 amperes, in 
urban districts, where at higher levels and crossing over or conflicting with or on common 
poles with signal lines shall conform to the construction requirements of grade C, except 
as noted below. 

It Is not Intended that this reqainment atuSI ^>ply to snpply Knee al 
where over individual twisted pair drop wires only, or where over other unimportant e 
aBeotive protection is secured by other methods of ooDstruotion. 

(b) Signal lines carried at higher levels than the supply lines listed in (a) above, in 
crossinpi, conflicts, or common use of polea shall be of the grade of construction required 
in (a) tor the supply lines, except as smaller wire sizes are permitted by rule 221. 

217. SuPPLT Lines Above 7500 Voits in Urban Districts. Constant-potential 
supply lines and constant-current circuits over 7500 volts in urban districts, where alone 
(except on fenced rights of way), or where crossing over, or in conflicts, or on common 
poles, with other supply lines or constant-current circuits, shall conform to the con- 
struction requirements of grade B. 

218. SuPFLT Links or 750 to 7500 Vavn in Urban Dismf^rB. ConstaDt-potential 
supply lines and constant-current circuits between 750 and 7500 volts in urban districts 
where alone (except on fenced rights of way), or where at higher levels and crossing over, 

27 
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or in oonflicts, or on comntoD poka with supply lines or with conatantxuirent «ircuita 
under 7500 volts, shall conform to the noostruction requiremente of grade C If the 
other circuits concerned exceed 7500 volta grade B is required. 

219. SrppLT Links Above 7500 Volts in Rdbal Disnticn. (a) Supply lioes or 
conatant-current lines above 7S00 volts in rural districts at higher levels and croesing 
over, or in conflicts, or on oomnioD poles with supply lines not exceeding 750 volte shall 
conform to the construction requirements of grade C. 

(b) Supply lines above 7500 volta are exempted from this requirement if dossiiig 
over or conflicting with only service connections from supply lines. 

(c) Supply Lines below 750 volta in rural districts at higher levels and crossing over, 
or in conflicts with, or on common poles with lines exceeding 7500 volts shall oonform to 
the construction requirements of grade C. 

222. Lojioa AssuuEn in DETSBUiNiira Sti(e88e8 in CoNnncroits. (a) In con^ 
puting the longitudinal stresses upon conductors and their supports, and the sags oor- 
responding in given limiting stresses in conductors, the loading shall be assumed to be 
one of the foUowii^, according to climatic conditions of the locality concerned. Li^t- 
ning protection wires are to be regarded, in respect to these mechanical requirements, as 
supply conductors, 

(1) Heauy Loading.— The resultant loading of 0° F., due to the weight of the con- 
ductor plus the added weight of a layer of ice one-half inch in radial thickness, combined 
with a transverse horiiontal wind pressure of 8 pounds per square foot on the projected 
diameter of the ic&^Mvered conductor, shall be called heavy loading. 

(f ) Jlf edtum Loading.— The resultant loading at 15° F., due to wind tmd the wei^t 
of the conductor and ice, equal to two-thirds that specified in (1) above, but in no case 
legs than 25 per cent, in excess of the weight of the conductor, shall be called medium 
loading. 



(S) Light Loading. — ^The resultant loading, at 30° F., due to wind and the wei^t of 
the conductor, equal to two-thirds that specified in (2) above of four-ninths that of (1), 
but in no case less than 25 per cent, in excess of the weight of the conductor, shall be 
called light loading. (See Table 22 for resulting loads on conductors.) 

tuss DODductora of otliM mMcrul ia 

(b) Three districta have been outlined in whidi heavy, medium, and light loading, 
respectively, are considered to be justified by weather reports as to wind and ice and by 
local experience of the utihties using overhead lines. A map of the United States show- 
ing the territory falling into each class of loading is given in Fig. 258 (Appendix A 
of Ck>de). This classification is the same as that for the calculation of transverse pres- 
sures on the supporting structures (rule 230) and is to be determined or modified as 
there indicated. 

Sec 23. Strength of Poles, Towers, and Oflier Une Supports 
230. Basis foe Calcoi^tion or Teansvibsb Loads Upon Poles and Towers. 
(a) In computus the stresses upon poles and towers for which grades of construction 
A, B, or C Bie requu^ the assumed horisontal wind preasuree at right angles to the 
direction of the line, upon the poles, towers, and conductors, shall be taken in regions of 
heavy loading for cylindrical surfaces, as 12 pounds per square foot of projected area for 
grade A, 7 pounds for grade B, and 4 pounds for grade C, the pressure being computed 
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for the poles and towers without ice covering, while oonductors are asaumed to be covered 
with a layer of ice one-half indt in radical thickiHsa. 

Lifht^nc pioteolioii wit« ud troUsy ooDlMt Mmdiuton an isdiidwl in oomputinc Irunem « tr i8i. 

(b) In regions of medium loading the transverse pressure shall be taken as two-thirdB 
that for heavy loading districts and in regions of light loading the transverse pressure shall 
be assumed to be two-thirds that for medium loading districts, that is, four-ninths of 
that for heavy loading districts. 

(o) A map of the United States showing the territory falling into each class of loading 
is given in Fig. 25S (Appendix A of Code). (See also rule 222b.) The localities in the 
different groups are closed acootding to the relative prevalence <rf high wind velocity and 



Uiickness of ice which accumulates on wires, light loading being for places where no ice 
of appreciable thickness ever accumulates on wire. 

Whgn higfa-wind nlodtia m (nquant in t. (iTsri p1s«« the loadini for that pkn nuy bs dund M 
IwATy tmn tbough lea does not Kwumulata to uiy snAt«r extent Ihui tA Ktme olb« pUoo hiiviiiit teM seven 
wiadi wbieh ham been nliiil u m medium loadinf dutriot. 

(d) In the absence of any action by the administrative authority fixing the loadings 
for any ^ven jurisdiction the classification of loadings shown on the map Fig. 258 
(Appendix A of Code) shall be considered to apply unless the party or parties responsible 
for the lines concerned assume some modification of the same, based upon local e^pe^- 
ience or weather records, ot both. Tliese modifications shall be subject to review by 
the administrative authority. 

232. Calcolation or Loads Upon Line Supports, (a) The loads upon poles, 
towers, and crossarms shall be taken as the following: 

(1) Vertical. — Their own weight, plus the weight of the ice-covered conductors sup- 
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ported. The tbicknesa of ioe shall be token as H inch in regk>iifl of heavy loading, 3i 
inch in regions of medium loading, and no ice shall be oonaideced in refciouB of light IomI- 
ing. (See Table 24 for vertical loads on conductore.) 

(2) HontonUd. — The assumed transverse preasiirea agunst their own suifaoea (pro- 
jected area when cylindrical) and agunst the ice-covered coDductors, as specified in rnk 
230 above; heavy, medium, or li^t, according to the locality. (See Table 23 for traiu- 
verae loads on conductors.) 

(b) The calculated toads upon poles, t«were, and cnwBacme shall be based upon ihr 
average span length nhere longer and shorter spans are interspersed exc^t for epaia 
which are over 26 per cent, in exceM of the average, in whidi case the actual qiaii Iei^:th9 
shall be used. In the case of crossings the actual length of span shall be used. 

(c) In the calculation of all stre«aea no allowance shall be made for deformatioo, 
deflection, or displacement of any part of the supporting structures. (See alao rule 220.) 

(d) For flat surfaces the assumed unit pressure (see rule 230) shall be increased by 60 
per cent. Where latticed structures are conoemed, the actual expoeed aretw of ok 
lateral face shall be increased by 50 per cent, to allow for the pressure on the oppoole 
face. If, however, this method of computing pressure on latticed structurce indicates a 
greater total pressure thsn would occur on a solid structure of the same outside dimen- 
sions, the latter shall be taken as the limit. 

233. Special Tranhvehhe'Strenoth REQUtREHENTS. (a) In the ease of structures 
of grades A, B, or C construction where because of very heavy or numerous conductors 
or abnormally long spans the transverse strength requirements of this section can not be 
met except by the use of side guys or special structures, and it is physically impracticable 
to employ side guys, the transverse strength reqiurementa may be met by side guying 
the line at each side of and as near as practicable to the croasing or other transveraely 
weak Htructuie, and with a. distance between such side-guyed struoturea of not over 800 
feet, provided ■ 

(1) The side-guyed structures for each such section of 800 feet or less shall be om- 
Btroct«d to withstand the calculated transverse load due to wind on the supports and 
ice-covered conductors, on the entire section between the side-guyed structures. 

(2) The pole or tower structures so side guyed shall be rigid or bead guyed away from 
the transversely weak section and have sufficient strength to withstand under the con- 
dition of loading prescribed in this section a load equivalent to the combined pull of aU 
the conductors supported. 

(3) The line between such side-guyed structures shall be substantially in a strai^l 
line and the average length of span between the side-guyed structures shall not be in 
excess of 150 feet. 

(b) The crossarms, insulator pins, and conductor fast«imigs connected to the strao- 
tures at each end of the transversely weak section shall be constructed to withstand, 
under the conditions of loading prescribed in rule 222, an unbalanced load equivalent to 
the combined pull in the direction of the transversely weak section of all the conductors 
supported up to 10,000 pounds, plus one4iaIf the excess for grade A, or plus oike-fourth the 
excess for grade B. 

If Uie UniliHi ia any eonductca does not exMed 1< 
providnl by the ubb of «ncle wood pina uid if tbe Unao 
wood pina pn>Tid»d tbe bvei uid of tbe pia does Dot sraed S.S Itwbet. 

(c) Except as modified in this rule the construction of the transversely weak Kction 
of the tine shall be in atxordance with the requirements for Uie grade of construction 
concerned. ' 

234. SntEKOTB or Stbkl Poles and Towebb and Other Metal Supporto. (a) 
Steel supports, steel towers, and metal poles, together with their foundations, and guys 
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when used, shidl be so dee^ned and cooBtructed ss to withstand the stresses due to the 
loads assumed ia rule 230ti above. Under these loads the calculated stresBea in the 
■teel members and in the guys shall not exceed the values given below in (f), which are 
intended to be limiting unit stresses, beyond which the structuce ae a whole would be 
liable to failure. 

(b) The use of guys to obtain compliances with these lequirements ie regarded as 
generally undesirable. When guys are necessarily used, the steel supports or towers 
shall be regarded as taking all of the stress in the direction in which the guy acts, up to 
their s^e woridng load, and the guys shall have sufficient strength to take the remainder 
fd the assumed ninTimiim stress, unless citable of considerable deflection. 

(c) Steel towers, when carrying no conductors, shall have a minimum strength aufii- 
oient to withstand a tnmsverse pressure double that designated for grade A oonstniction. 

(d) St«el towers or poles should preferably be placed on concrete or other suitable 
foundations extending above the ground line. If, however, tbe steel is set in earth, it 
shall be suitably prDt«cted against injurious corrosion at and below the ground line. 

Since in many localities the soil and climatic conditions are such as to alter the 
strength of foundations considerably from time to time, there should usually be provided 
a considerable margin of strength in foundations above that which (by calculation) will 
just withstand the stresses under the asBUmption of average conditions oF climate and 
soil. 

(e) Unless sample structures are tested, or similar structures have been tested, to 
assure the compliance of structures in any line with these requirements, it is recom- 
mended that structures be designed to have a computed strength at least 10 per cent. 
greater than that required by the rule. 

(f) When steel supports or towers are used which are not capable of withstanding 
practically as great a stress longitudinally as transversely anchor towers shall be placed, 
at intervals not greater than 10 spans, which shall be able to withstand the combined 
longitudinal tcnsioii of all conductors up to 10,000 pounds plus one-half the excess above 
10,000 pounds. 

(g) The viewable imit stresses of steel shall be taken as follows: 
BiBiicTDaiL Bibbl; 

Tension 
Shear 

Compression 27,000——. 

Boi/n. Rivan, Pink 

Shear 24,000 pounds per square inch. 

Bearnjg 48,000 pounds per square inch. 

Bending 36,000 pounds per square inch. 

These values are for structural steel having an ultimate tensile strength between 
65,000 and 66,000 pounds per square inch and a yield point not less than SO per cent, of 
the ultimate strength. 

(h) Steel poles or towers of grades A, B, and C shall have no less thickness of melai in 
members than the following: 

Legs, galvanixed, Ht inch; other members, Ji inch. 

Legs, painted, H inch, other members, 14 inch. 

Such steel poles or towers, including footings, shall be so constructed that all parts 
are accessible for inspection, cleaning, and painting, and that pockets are not formed in 
which water can collect. The ratio of L, the unsupported length of a compression mem- 
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ber, t« r, the least radius of gyration of the member, should generally not be greaUr than 
ISO for legs tuid 200 for other members having figured stresBes. 

The Miaiilit formuls for the al 
valuet even though tha rati 
of L/r, due to inereaAinjf L. tha valua of the Mi 

(i) Proledaie Covering or Treatment. — All iron or sted poles, towen, or supporting 
structures, and all hardware, including bolts, wuhers, guys, anchor rods, and ■imiln i- 
parts of material subject to injurious corrosbn under the prevailing conditions, shall be 
protected by galvanising, painting, or other treatment, which will dfeotivdy retard 



242. REqmRXD LiNB-CoNDUCTOR Cleabances jjn> Separations at the Sttpports. 
(a) Further RequiremerUK for Lin»^ond^^aoT Separaliffn^ AaxTdin{l to the ^^ 
— The separation, at the supports, of Une conductors of the same or different circuits tit 
grades A, B, C, D, or E, shall in no case be lesa than the values given by the following 
fonnuln, in which S is the apparent sag, in feet, of the conductor having the greater sag 
if they are at the same level (the same croasann) : 

Conductor separations in inches: For uses below No. 2-0.2 inch per ^.+\2y/S-2; 
for sixes No. 2 and larger-0.2 inch per [[v.+Tv/S. 

Hie separation, at the supports, of line conductors at different levds (different craaa- 
arms) shall be determined by these same formuUe. 

(b) FurUier RequtTemenU for LdTie-Cortdueior SeparatioTig ami CUarancu at Ihe Sup- 
porta if Surperuian Inmilatortare Used. — (1) Where suspension insulators are uaed and are 
not restrained from movement, the values of conductor separation by Table 4 (not given 
here) or by (a) shall be increased by one-half the length of the suspension insulator string. 

(2) Where suspension insulators are used and are not restrained from movement, the 
conductor clearances from suifaces of supports, from span or guy wires, or from vertical 
or lateral conductors shall be such that the values ot clearances required by Table 3 (not 
given here) will be maintained with an insulator swing of 4fi° from the vertical position. 

254. Insulators, (a) Insulators for operation on supply lines of grades A and B 
construction at voltages exceeding 7GO0 shall be of porcelain or other material which will 
give equally good results in respect to mechanical and electrical performance and durabil- 
ity and shall be marked by the makers with a classification number and maker's name or 
trade-mark, the marks being so applied as not to reduce the electrical or mechanical 
strength of the insulator. 

(b) Wherever grounded metal pins or grounded crossarms or metal towera are used 
at a cross-over span support of grade A or B construction, with wood pins or ooaaarms 
or poles used within five spans o! the crossing, the insulators used on such grounded or 
metal supports shall be capable of withstanding a voltage 50 per cent, hif^er than those 
in other portions of the Une. Where strain insulators are used, they shall be capable at 
withstanding under their normal mechanical stress, at least as hi^ a voltage as the line 
insulators in (^ncral, or shall be enable, when not under mechanical streee, of withstand- 
ing a voltage 25 per cent, greatfr. 

(c) Insulators in grades A and B constructbn should be ao designed that their dry 
flnsh-over voltage b not more than 75 per cent, of their puncture voltage at a frequency 
of 60 cycles. 

(d) Insulators to which are attached conductors m grades A or B construction shall 
be ct^>able of withstanding without flash over at the frequency of 60 cycles the voltages 
shown in the following table: 
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Table 5 or Codb.- 


-Tbst Voltaqes for Wet amd Dbt Flash-ovbk 














Dry 


Wet 


7S0 




5,000 


3,500 


2,300 




11,000 


8,000 










6,fl00 








7,500 




30,000 


22,000 










22,000 




75.000 




33,000 




105,000 


75,000 


















66,000 




186,000 


135,000 










110,000 




285,000 




150,000 




375,000 


225,000 


200,000 









(e) EMh completed pin-type inBuUtor for line voltages over 15,000 where used in 
construction of grades A or B, and each completed suspension insulator diakC, shall be 
subjected to a routine factory test at dry flash-over voltage at a frequency of 60 cycles or 
any other teat which may be generally sanctioned by good modem practioe. 

(f) In installing the insulators and conductors of grades A and B oonstruction pre- 
cautions shall be taken to guard against the possibility of arcs or leakage current injuring 
conductors or burning any wooden parts of the supporting structure which would render 
the conductors liable to fall. 

2di. CKosBOviiR Wire Clearances to Railwat Wires. The clear space between 
the lowest overhead supply line conductor or guy or span wire crossing over any con. 
ductor or wire concerned in the operation of the railway (except for crossinga between 
conductors and guy or span wires on the same poles) shall not be lees than given below, 
60° F., with no wind or other mechanical loading of the conductors or wires, where the 
upper conductor or wire has fixed supports (pin or strain-type insulators), and the sum 
of the distances from the point of intersection to the nearest supporting si 
each span, does not eitceed 100 feet. 

(a) Above signal conductors (of railways) : 



Supply li] 



to TSO rolM 

0/ Ih redueed to 2 [eet if ths orosdnc U not within S fsM of 
m ine aomot kod tbe voltaae i* not over 300 volta. 

Bnpply !>■». 7S0 to 7£00 rolts 

Supply HoM. TGOO to SO.OOO TolU 






(b) Above supply conductors (over 400 volta to ground and supplying nulway Bgnal 

Byst«ma); 
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(c) For cleanuiceB above trolley oontaet oonduetora, see aectkiD 27. 

(d) Above guya, messeiiger, and apao wires (of railways): 

Bupply eoDdoeton, to TSO nlta i 

Bupply ODDduBton, T£0 to SaOOO mlta 4 

Ouy, mamaaei, hkI van win^o^ navly Bdw 1 

Guys, spsD wires, sad mesaenger wires m^ be taHhet above <a bdow the condurton 
by the given dearanoes. 

265. Incbxabe or Clxarakces in Special Casbb. (a) CUarance IncreoM for Lous 
Spana. — The clearancea of rule 264 ehsll be increased where the sum of the distances from 
the point of intersection to the nearest supporting structure of each span exceeds 100 
feet by 2 inches for each 10 feet of the excess between 100 and 200 feet, and by 2 indies for 
each 20 feet of the exoess beyond 200 feet. 

(b) Clearance Increate for High VoUage. — The clearances of rule 264 shall be increased, 
where the supply line voltage exceeds 50,000 volta, by 0.5 inch per 1000 volts excess. 

(c) Clearance Increate for Suspension Insulator*. — The initial clearances, where the 
upper line at a grade A or B crossing over track rails or signal lines is supported by sus- 
pension insulators, shall be sufficient to prevent the minimum clearances of rule 263 and 
261 fiom being reduced through the breaking of a conductor in either adjoining span by 
more than 10 per cent, over rails or by more than 25 per cent, over conductora or wires, 



Mechanical Data for Coppar Wire— From Appendix A of Coda 
The following table contains data on the ultimate strength and per cent, of elongatioD 
before failure of hard, medium, and soft oopper wire as given in the 1915 report of the 
A. 8. T. M. 

The elastic limit as given by the same society is 55 to 60 per cent, of the ultimate 
strength far hard-drawn copper and 50 to 55 per cent, for medium-drawn copper. There 
is no definite elastic limit for soft copper, but its behavior, after having a slight prelimin- 
ary stretch, may be considered as approximately that of on elastic material having a 
limit of elasticity of 10,000 to 15,000 pounds per square inch. 

The modulus of dasticity has been taken at 16,000,000 for all grades of copper. 



Table 21 


ofCotb 


—Mechanical Data ros Coppeb Wiri: (From 


CoDB Appendb A) 




DlAII- 


HtUlDBAWN 


MlDIUH DBAin 


SonDEiWM 


a.w'g 












Av«in 


Arena* 
























TsDiiaD 




UltimaM 
























Pounds 


Permit. 


No. 8 


0.128 


63,700 


1.06 


49,660 


66,660 


1.08 






No. 6 


.162 


62,100 


1.14 


49,000 


56,000 


1.15 






No. 4 


.204 


60,100 


1.24 


48,330 


55,330 


1.26 


37,000 


M 


No. 2 


.258 


57,600 


1.98 


47,000 


64,000 


2.50 






No. 1 


.289 


56,100 


2.17 


46,000 


53,000 


2.75 


























.365 


52,800 


2.80 


44,000 


61,000 


3.25 


36,000 




No. 000 


.41 


61,000 


3.25 


43,000 


50,000 


3.60 






No. 0000 


.46 


49,000 


3.75 


42,000 


49,000 


3.75 







Rstultant Conductor LoadinKB 

Table 22 gives the resultant loading in pounds per 100 feet for conductors of varioi 

sixes and materials in regions of heavy, medium, and light loading. The calculations ai 



q,:,7odovGoOl^Ic 



DATA, REFERENCE TABLES AND SYSTEM DIAGRAMS 409 

bfised on the aasumed loadings given in rule 222 &nd on Average values of the diometera 
of weather-proof wirea. The over-all diameters of covered wires supplied by difierent 
manufactuiers vary considerably and hence average values are chosen. 













l^i-»SS 


CONDCFOTOB 




lOOFuer 




Sue a. W. G. 






.JT- 




OtibAu. 




H*jYy 


I^^- 






Fmt 




liHwvy 


SltXy 


Bare solid copper: 












No. 8 


0.128 


5.0 


77.2 


51.5 


34.4 


No. 6 


.162 


7.9 


91.7 


61.1 


40.7 


No. 4 


.204 


12.6 


98,1 


65.5 


43.8 


No. 2 


.258 


20.1 


107.5 


71.7 


47.7 


No. 1 


.289 


25.3 


113.7 


76.7 


50,5 


No. 00 


.365 


40.3 


130,9 


87.3 


58.2 


No. 0000 


.460 


64.1 


157.5 


105,0 


aSO.l 


T.B.W.P. solid copper: 












- No. 8 


.26 


7.5 


100.3 


67.0 


44.7 


No.e 


,32 


11,2 


107,5 


71.7 


47.8 


No. 4 


.38 


16.4 


116,4 


77.7 


51.8 


No. 2 


.44 


26.0 


127.8 


85.8 


66.7 


No. 1 


.47 


31,6 


134,5 


89.7 


59.7 


No. 00 


.53 


50.2 


153.2 


102.2 - 


68.2 


No. 0000 


.65 


76.7 


185.0 


123.5 


896.0 


T.B.W.P. stranded copper: 












No. 2 


.444 


27.0 


128.5 


86.6 


57.2 


No. 1 


.618 


32.8 


139.5 


92.8 


62.0 


No. 00 


.662 


52,2 


166.6 


111.0 


74,0 


No. 0000 


.785 


80.0 


199.3 


133.0 


alOO,0 


250,000 cir. mile 


.882 


98.5 


221.7 


147.5 


al23.0 


350,000 cir. mils 


.978 


134.5 


261.9 


174.2 


aies.o 


500,000 cir. mils 


1.108 


189.4 


321.7 


a237,0 


a237,0 


750,000 cir. mils 


1.343 


282.2 


427.2 


a353.0 


a353.0 


1,000,000 cir, mils 


1.531 


367.4 


523,0 


459,0 


a469,0 














No, 2 


,291 


6.1 


102.3 


68.2 


46.5 


No. 1 


.328 


7.7 


106.5 


71.0 


47.4 


No. 00 


.414 


12.2 


116,8 


78.0 


51.8 


No. 0000 


.622 


19.5 


131.2 


87.5 


58.4 
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Ltmdinc Data, Hechanical Characteriatics, uid RecMnmesded Tnumw StraogA 
of Orerhead Line Siqiporta— From Cod« Appondlz B 
1. Data for CoiccnKa Transvebsx and Vebtical Strenoth Rxqdirxd for 
Line Soppobts. (a) Aitumed TrantaerK Pretmtrw and Vertical Xjoadi on Condudon 
f^ Vixriovx MaieruiU and SizM.— The values of trauaveise loada computed fnun rule 230 
for various oombinatioDB of hasard (A. B, (» C) and of loading diateicta (H, M, or L) ara 
given in Table 23 (of Code.) 





Duu- 


H>*n LoASimi 


UmiTlI LOAMHO 


LionLtuDDra 


8b» a. w. a. 










M-HB 




L-tM-HH 






AH 


BH 


CH 












AM 


BM 


CM 


AL 


BL 


CL 


Bare solid copper: 






















No. 8 


0.128 


113 


66 


38 


75 


44 


25.0 


60.0 


29.3 


16.7 


No, 6 


.162 


116 


68 


39 


77 


45 


25.7 


61.6 


30.4 


17.2 


No. 4 


.204 


120 


70 


40 


80 


87 


26.7 


63.4 


31.1 


17.8 


No. 2 


.258 


126 


73 


^ 


84 


49 


28.0 


66.0 


32.6 


18.7 


No. 1 




129 


75 


43 


86 


60 


28.7 


67,4 


33.3 


19.1 


No. 00 


.365 


136 


79 


46 


91 


63 


30.7 


60.6 


36.1 


20.2 


No. 0000 


.460 


146 


86 


49 


97 


67 


32JI 


66.0 


37.8 


21.7 


T.B.W.P. Bolid OOP- 






















Nol^ 


.26 


126 


73 


42 


84 


49 


28.0 


66.0 


32.fi 


18.7 


No. 6 


.32 


132 


77 


44 


88 


61 


29.3 


68.7 


34.2 


19.6 


No. 1 


.38 


138 


80 


46 


92 


54 


30.7 


61.4 


36.8 


20.6 


No. 2 


.44 


144 


84 


48 


96 


66 


32.0 


64.0 


37.3 


21.3 


No. 1 


.47 


147 


86 


40 


98 


67 


32.7 


65.4 


38.2 


21.8 


No. 00 


33 


153 


89 


£1 


102 


69 


34.0 


68.0 


39.6 


22.7 


No. 0000 


.66 


165 


96 


55 


110 


64 


36.7 


73.4 


42.7 


24.6 


T.B.W.P. stranded 






















NoT'= 


.444 


144 


84 


48 


96 


66 


32.0 


64.0 


37.3 


21.3 


No. 1 


.518 


152 


88 


61 


101 


59 


33.7 


67.4 


39.3 


22.6 


No. 00 


.662 


166 


97 


66 


HI 


65 


36.9 


73.8 


43.2 


24.6 


No. 0000 


.785 


178 


104 


69 


119 


6S 


39.7 


79.4 


46.3 


26.5 


250,000 cir. mila 


.862 


186 


108 


62 


124 


72 


41.4 


82.8 


48.2 


27.6 


350,000 cir. mila 


.978 


198 


US 


66 


132 


77 


44.0 


88.0 


51.2 


29.3 


600,000 cir. milH 


1.108 


211 


123 


70 


140 


82 


46.8 


93.6 


54.8 


31.2 


750,000 cir. mils 


1.343 


234 


136 


78 


156 


01 


52.1 


104.2 


60.8 


34.4 


1,000,000 cir. mils 


1.631 


253 


147 


84 


169 


98 


66.2 


112.4 


65.6 


37.6 


Bare stranded alu- 






















minum: 






















No. 2 


.291 


129 


76 


43 


86 


60.2 


28.7 


67.4 


33.6 


19.1 


No. 1 


.328 


133 


78 


44 


89 


51.7 


29.3 


69.1 


34.6 


19.5 


No. 00 


.414 


141 


82 


47 


94 


54.8 


31.3 


63.0 


36.6 


20.9 


No. 0000 


.522 


152 


89 


51 


101 


59.1 


34.0 


68.0 


39.3 


22.7 
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The vertical loads on conduotoTB based on the sseumptions of rule 232 a (1) are given 
in Table 24 of Code. Values fcv traaflvene and vertical loadings for wires of oUmt 
Bisee and materials can be readily computed. 



Tasle 24 o» ConB.— VnBTiCAL Loads ok 






Vbbtkal Wnoei n PoinD* Psa 100 For 


aam A.w.a. 


Hw*y- 


M«dilln>- 


c£l^Z» 




C<»d<>rt«+ 


O»diiotor+ 




OSlDdhlM 


0.2SlMhl» 


Only 


Bare solid copper: 






•' 


No. 8 


44.0 


16.7 


6.0 


No. 6 


4ft.l 


20.7 


7.9 


No. 4 


66.4 


26.7 


12.6 


No. 2 


S7.3 


36.0 


20.1 


No. 1 


74.4 


42.0 


25.3 


No. 00 


94.0 


S9.4 


40.3 


No. 0000 


123.8 


86.1 


64.1 


T.B.W.F. BoUd copper: 








No. 8 


S4.7 


23.4 


7.5 


No. 6 


62.7 


29.1 


11.2 


No. 4 


69.8 


35.3 


16.4 


No. 2 


84.3 


47.4 


26.0 


No. 1 


90.9 


83.6 


31.6 


No. 00 


113.3 


74JS 


50.2 


No. 0000 


147,6 


104.7 


76.7 


T.B.W.P. stranded et^jper: 








No. 2 


86.5 


4S.6 


27.0 


No. 1 


96.1 


56.7 


32.8 


No. 00 


124.5 


80.6 


S2.2 


No. 0000 


159.9 


112.2 


80.0 


250,000 dr. mils 


183.2 


133.1 


98.fi 


350,000 cir. mils 


226.4 


172.8 


134.6 


600,000 dr. mils 


289.4 


231.6 


1894 


750,000 dr. mile 


397.7 


331.8 


282.2 


l,0(io,000 cir. mils 


495.0 


423.1 


367.4 










No. 2 


S3.3 


22.9 


6.1 


No. 1 


S9.2 


26.4 


7.7 


No. 00 


69.1 


32.8 


12.2 


No. 0000 


83.1 


43.6 


19.6 
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pulse and reaction water 
wheels 354 

approxjmate weight of water 
turbines 366 

appronmate weight of elec- 
trical machinery 350 

easentisl features of a hy- 
draulic system 365 

for electrical problems 

current and voltage relations 
at generating and substa- 
tiona 147 

paralleling high tension trana- 
fonncrs on low tension side 150 

connections when three or 
four banks of transformeia 
feed three outgoing lines . . 151 

approx. exciter capacity in 
kw. for different alterna- 
tor ratings 153 

arrangement of reactors in 
generator circuits 155 

three-phase transformer con- 
nections 156 

relative cost of energy from 
plant with storage and a 
eteam plant 162 

space for operating discon- 
necting switches 166 

switching floor space for a 
three-phase circuit 166 

large lighting fixture for a 
station 173 

light distribution for ceiling 
units in a station 174 

Wilkinson chart for calculat- 
ing transmission lines. .. . 190 

Thomas chart for sag and 
stress determinations. . . . 194 

Fender's chart for sag and 
stress calculations 106 

sags and streaaes in alumi- 
num spans 106 

comparative insulator costs. 204 

relation between megohms 
and puncture volta^ for 
insulatota 206 



Curves and diagrama (Continued) 
for electrical problems {Ctmlinved) 

gap adjustments for arcing 
bom combinations 217 

relative costs of each part of 
hydroelectric plant 222 

tower and insulator costs of 
transmission line ,,..-... 228 

full automatic protection by 
means of relays 250 

typical time characteristics 
for all circuit breaketa. . . 252 

time characteristics of bel- 
lows overk>ad relay 254 

time curves of definite mini- 

ment overload relav 254 

curves of current decrease 
on unsymmetrical short 
circuits 255 

copper investment and cost 
of line losses 276 

values of amperes per phase 
in terms of line voltage and 
kilowatts 277 

charging current in amperes 
for varying values of con- 
ductor spacing, diameter, 
voltage and length of con- 
ductor 278 

corona limit of voltage on 
three-phase lines 279 

generating and receiving sta- 
tion volta^ for high volt- 
age long distance transmis- 
sion 284 

timenmrrent characteristic 
for copper fuse wire 300 

Constanta for steel wire and 
cable 311 

telephone lightning arrest«r 
for uae near very nigh volt- 
age lines 322 

loaomss due to weight and 
wind pressure on conduc- 
tors 338 

deflections on overhead con- 
ductors due to tempera- 
ture 340 

angle by which conductors 
are blown out of the verti- 
cal 341 

reduced deflection with a re- 
duction of stress for alumi- 
num cables 342 

comparative deflections on 
copper and aluminum con- 
ductors 342 

essential features of a trans- 
mission system 366 

territorial divisions of U. S. 
with respect to line load- 
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Dams. (For a particular development 
see name of company or table 
ol contento.) 

construction costs 225 

Davis and Weber Countira Canal 
Company's New Riverdale 

Station 124 

peneraling units 134 

hydmulia valves 126 

penstocks 124 

DefleclioDB of copper and alurainum 

conductors 342 

with temperature variations .... 340 

graphical method to determine. 196 

variation with reduction of span 342 

Detcrioralion of pipea with age .... 16 

Diagrams. (See curves and diagrams.) 

Disconnecting switches 

bayonet design for aroftU isle apace 167 
epitce required for operating. . . , 166 
Iriple-pole,double-breakdeeiga. . 167 
Disturbances due to BwitctunE .... 308 
Draft tubes. (For a particular devel- 
opment see name of company 
or table of contents.) 
effective designs 21 

Eastern Michigan Edison Company's 

Huron RiverSUtion 90 

power house 92 

transmieaion and switching ar- 
rangements S3 

Economical length of line span 230 

section area for conduits 12 

siie of conductors 273 

chart for determmation of. 276 

Effective head of development 8 

Bernoulli's theorem 9 

relation to totsi head 9 

relation to friction and discharge 

heads 20 

Efficiencv of water wheels 178 

metnod of calculating 105 

of penstocks 177 

Electrical machinery, we^hts of . . . . 35S 

Entrancrs, bushings for line, . , .168, 170 

Equipment for a particular station.. 176 
Exciters 

company practice for rating, 

curves (or 153 

drives for 152 

Exponential formulie tor flow of water 

in pipes 15 

Factors, conversion for hydraulic 

work 361 

Failures of insulators on lines 317 

Fairanti effect in tmnsmission tines. 277 

Fixtures for station lighting 173 

Flow-summation curves 2 

application of 4 

for storage and stream r^ulation 3 

layout and use 5 



Flow of watOTtn open nhnnngbi, diarts 

for 349, 3J 

in pipes 

Cheiy's formula for 

exponential formulie for. . . . 

. Flamant formula 

U. S. Reclamation service 

practice . 

Friction loss. (See also pipe line.) 

formula for pipes 

in wrou^triron pipes, chart for 3i 

tor cast iron pipes 

per ft. of penstock for cmutant 

flow 

Fuses, high tension 

eharactoistics of 29 

expulsion types (rf 31 

faults of open-type horn gap de- 

tugns 31 

home-made design of 31 

requirements tt small subet»- 

lions 2i 

size of copper wire for 2i 

time characteristic of copper fuse 
wire 3( 

Generating stations. (See also hy- 
droelectric plants.) 

cost to ^nerate enenty in I 

economical size and number of. . II 
Generator operation 

efficiencies at different loads . .. V 

exciter drives 1* 

grounding neutrals li 

power-limiting reactors, use of. . 1^ 

rating of exciters 1: 

size and number of generating 

stations V 

Generators, relay protection for 2i 

scheme to increase rating by ven- 
tilation 3' 

water wheel designs in ser\'icc. 
(For a particulsr development 
see name of company or table 
of contents. ) 
Georgia-Carolina Power Company's 
Stevens Creek Station 

generating units ' 

Georgia R&ilway and Power Com- 
pany's Tallulah Falls SUtJw. 

acceptance teats 1' 

calculation of efficiency 1' 

draft tubes 1' 

efficiency of water wheels I' 

generators 1 

penstocks 1 

. power station 1 

water wheete 1 

Glass inaulatoTs I 

Governors, rating of for wata wheels, 

formulie 3 
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Great Northern Powm Company's 

Duluth, Minn., Staticm 129 

ReneT&tors 130 

turbines 129 

Greenfield (Mass.) Electric Ught and 
Power Company's induction gen- 
erator atation 96 

Ground wires for traosmission lines 

cost of 216 

location of 216 

size of 216 

value of 282 

Guys for line structures, 404 

side-guying 404 



Head 

drop due to friction in pipes 

effect of variations of head, with 
different velocities and diame- 



exponential formulk for drop i: 

thicuiesa of steel pipe for variou 

diameters and heads 

High frequency insulator teats .... 



adjuatmentfl for insulators 2 

settings tor arresters 2 

Hydraulic system, features of 3 

Hydroelectric output in kw. at dif- 
ferent heads 

output in kw. hrs. for different 

storage and heads 

Hydroelectric plants. (For features 
see name of company or table 
of contents.) 

A 2,100 ft. head development . . 1 

Augusts Station of Georgia-Caro- 
Ima Power Company 

Big Creek Station of Pacific Light 
and Power Company 1 

Bishop Creek Stations of Neva- 
dSrCalifornia Power Company 1 

Coon Creek Station of Northern 
Mississippi River Power C!om- 
pany 

Drum develf^ment of Pacific Gas 



Duluth Station of Great North- 
^n Power (Company 1 

Estacada Station of Portland 
(Ore.) Railway, Light and 
Power Company 

Gatun Station for Panama Canal 

Grace Station of Utah Power and 



nooga and Tennessee River 

Power Compimy 

Hid) Falls Station of Wisconsin 
Public SfflTfioe Company 



Hydroelectric plants (Continued) 

Holtwood Station of Pennsyl- 
vania Water Power Company 

Induction Generator Station d 
Greenfield (Mass.) Electric 
Light and Power Company . . 

Jackaon Station of Central Geor- 
gia Power Compuiy 

Jordan River Station of Van- 
couver Island Power Company ] 

Keokuk Station of Mississippi 
River Power Company 

Lock 12 Station of Alaban)^ 
Power Company 1 

Marshall Plant of North Caro- 
Ima Power Company 

Mount Hood Station of Portland 
(Ore.) Railway, Light and 
Power Company I 

New England Power Company's 
Stations 

Ninety-nine Islands Station of 
Southern Power Company. . . . 

Ohio Station of Anglaize Power 
Company 

Outdoor design of station 

Prairie du Sac Station of Wis- 
consin River Power Company 

Rainbow Falls Station at (ireat 
Falls, Montana 1 

Rapids Station of the Menominee 
and Marinette Light and Trac- 
tion Company 

Riverdale Plant of Davis and 
Weber County Canal Com- 

Station No. 2 of Appalachian 
Power (Company 

Station No. 2 of Calgary Power 
Company 

Station of City of Richmond .... 

Station of Eastern Michigan Edi- 
son Company 

Salmon River Power Company's 
SUtion 1 

Special installation for Salt River 
Project in Ariiona 1 

Swedish Subterranean Station . . . 

Tallulah Falls Station of Geor^a 
Railway and Power Com^my 

Toledo Station on Maumee River 

Vernon (Vt.) Station of New 
Eosland Power Company .... 1 

Yadkm River SUtion of Tallas- 
see Power Ckimpany 1 

Ice and wind, effect of on transmisuon 

loads assumed in calculating 

stresses 4 

Impedance of a circuit, computaticm 
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Induatrial plant subatatioiu 239 

unit coeU, 239, 240, 241, 242, 243, 

244, 245. 
loBultttore. (See also uiBulalora under 

transnUHHion Unee.) 

coeta 204 

effect uf altitude on 209 

failures on lines 317 

Klaaa 199 

nigh frequency lesUug 315 

locating faulty units on lines. . , . 317 
National Electrical Safety Code 

rules for wet and dry flash over 

teats 407 

pin types 199 

susfjension types, . . , 198, 200 

testing in operation 206 

troubles 205, 315 

Interruption, definition of , 251 

Iron and ateet conducUirB, churacter- 

iatira of 310 

pipe outdoor aubatationa, con- 

BtructioQ and coat of 245 

Isolating transformers to reduce arc- 
ing grounds 217 

Kdvin's law for most economical con- 
ductor 273 

chart tor use with 278 

copper inveatment and coat of 

line loaaea 276 

^phical application at 274 

Kennison's chart for flow of water in 
open channels 350 

Load factor, consideration of for wa- 
ter power and steam plants 161 

Layout of ayatem coimectiona 147 

of generator bus 149 

Lighting in stations 

arrangement of units 174 

fixtures for 173 

high tension room illumination. 176 
storage battery room and gage 

fixtures 175 

switchboard illumination 174 

Bwitoh and circuit wiring 175 

Lightning arreaterai 

arrangement in substation 212 

choke coils for 215 

electrolytic cell type 209 

for amall subatationa 238 

ground resistance for 213 

Eom gap settinga for 213 

installation of 211 

multiple pipe grounds for 212 

rating; of artcetets 213 

selection of for grounded and 

noD-grounded Unea 21 1 

wall entrances and tank loca- 
tions for 210 

Line investment for rural sections. . . 231 



Loading data for traoamiaaion lines, 337. 

4027403. 
Loaaea and efficienciea for different 

parts of hydroelectric plant.. 179 

oflines, costof 27ii 

Magnetic energy stored in a circuit. 2SU 
Maumee Valley Electric Company's 

Station SO 

draft tubes !>-J 

generating units si 

Menominee and Marinett« Li^t and 

Traction Company'aRapida Station 79 
Mississippi River Power Company's 

Keokuk Station 3S 

dam 3M 

draft tubes 4! 

features of development SiS 

generators 43 

aingle runner turbines 41 

transformers 44 

National Electrical Safety Code Con- 
atruction rulea, compiled by Bureau 

Standards 400 

Natural impedance of transmission 

line 2S0 

Neutral, static, shifting of 281 

Nevada-California Power Company's 

Bishop Creek Stations .'.. 116 

New Eiigland Power Company's Deer- 
field River Stations 65 

station No. 2 6« 

station No. 3 67 

Nomenclature for hydroelectric de- 
velopment 363 

North Carolina Poww Company's 

Marshall plant 55 

Northern River Power Company's 

Coon Creek SUtiim 64 

Oil Switches 

breaking capacity, simple meth- 
od of calciilating 306 

calculation of rating 303 

mounting of 165 

rating of. 302 

ratings for use with switchboards 304 

selection of 149 

Oscillations from high voltage awitch- 

ing 2S3 

Outdoor generating station 89 

general features 90 

plan and sections 91 

Overhead ground wires 215 

costof 216 

location of 215 

aiieof 216 

Pacific Gas and Electric Company's 

Drum development 142 

exciters 143 

generating units 143 

governors 143 
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Pacific light and Power Company's 

Big Creek development 1 12 

excitOTB 116 

fentuna of 150,000 volt line 189 

generating uoita 114 

pipe line 1 12 

powerstation -. 116 

turbine governors 114 

Panama Canal Gatun Station 72 

exciters 75 

generating unit« 74 

pipe lines 72 

power station 74 

Peek formula for corona toes 278 

Pender's chart for ralculating sags 

and 9trp8B€S 196 

Pennsylvania Water and Power Com- 
pany's Holtwood Station 75 

section through station 76 

transmission syBt«m 77 

Penstocks. {See uso pipe line.) 

curves for most economical sixe. 11 
efficiency and total loss of head 

for a particular caae 177 

losses of 10, 16 

materials cost 12 

spacing of iron bands for 17 

wood staves for 17 

Pin type insulatora. (See insulators.) 

Pipes, deterioration with age 16 

Pipe line 

Cheiy's formula for flow in 15 

considerations in design of 14 

deterioration of pipe with age . . 16 

economical diameter of 16 

entry and bend losses in 15 

exponential formula; for flow. . . 15 

factors that determine sise 17 

Flamant formula for flow 16 

formula for economical diameter 16 

for friction loss in 14 

friction loss in 10 

losses and efficiency for a particu- 
lar case 179 

thickness of steel pipe for various 

diameters and heads 31 

lines in service. (For a particular 
development, see name of com- 
pany or table of contents.) 
Plant equipment layout 

air-break outdoor switches, use 

of 168 

conditions under which both wall 

and root bushings are reijuired 168 
data on clearances for circuits 

and apparatus in stations 172 

disconnecting switches for small 

isle space 167 

equipment for a particular sys- 
tem, detailsof 176 

indoor and outdoor transformers 164 

installation of roof bushings 169 

of wall bushings 170 



Plant equipmmt layout (Cimtinuat) 

mountingof oil switches I 

space required for operating dis- 
connecting switches I 

station lighting fixtures I 

lighting requirements 1 

losses and efficiencies 1 

switching door s^jace required for 

a 3-phase circuit 1 

wiring arrangements and clear- 
ances in stations 1 

Portland (Ore.) Railway, Light and 
Power Company's Estacada 

generators 

Snstocks 
ount Hood development 1 

plan of Station 1 

section through station 

transformers 

turbines 

Power'^ouse. (For a particular devel- 
opment see name of company 
or table of content«.) 
Power-stations. (See hydroelectric 

plants.) 
Pressure increase due to retardation 

of flow in pipes 

Protective apparatus 

arcing ground suppressor 2 

horns and rin^ 2 

arresters for grounded and non- 
grounded lines 2 

for telephones near hi^ 

volta^ lines 3 

electrolytic hghtning arresters. . . 2 

horn gaps 2 

mu^etic blowouta 2 

multigap arresters 2 

overhead ground wires 2 

relays 2 

special protective schemes 3' 

forebay water level indicator 3: 

for large units 3 

for transformer groups in 

parallel 3: 

relays for parallel feeders ... 3! 
rheostat in grounded neu- 
tral 3; 

sptit-phase connections 3^ 

use oi pilot wires 3: 

use of series transformers and 
relays for entire system . . 3^ 



Rainbow Falls development on Mis- 
souri River 130 

Rainfall 

ratio available rainfall to total . . 2 

relation to stream flow 1 

Rating of electrical machines; effect 
of alUtude on 209, 280 
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Reactance coiii,UM<rf 

ftrrennemmt in genenUv dr- 

power-limitinK mctors 

with lightning arreeten 

Relay protection 

for geoeraUm 248, 

full automatic 

motore 

service requirementB 

■ubelations 

transformen 249, 267, 

tra 
Relaya 

accuracy 263 

adjustment of 27! 

automatic protection by 250 

bellows type of 270 

calculation of ahort-drcuit cur- 
rent, in lines and cables for. . . 259 

contacts of 271 

convenience in testinf; 272 

ouiToit and potential trans- 
formers requirod for 266, 267 

(ffeet of bw voltage on 263 

. feeder layouts 254 

induction type of 271 

layout for parallel feeders 256 

for dnf( system 256 

for system with more than 

one source of power 256 

for syatero with sini^e source 

of power 253 

network distribution layout 258 

dl dash pot type of 271 

overload and reverse current 

types 266 

pilot wire schemes 259 

plunger type of 270 

protection for tie lines 267 

requirements of circuit-breakers. 252 

service protection 251 

special protectitni by use of 267 

tor generators 267 

for motors 268 

for parallel feeders 327 

for SEoall substations 270 

three-phaae, star-delta traos- 

fonnera 269 

splil-conductor schente 2.'>9 

tune characteristics for 254 

unbalanced sbort-cireuits, effect 

on 264 

use of circuit dosing type 272 

use with instrument trans- 
formers 272 

Resistance of grauDds 213 

of multiple pipe grounds for ar- 
resters 212 

Resistance, iuductanoe and impedance 

of lines and cables 260, 261 

Rosonasoe in transminion line 281 

Ri|^t-crf-way, cost of 225 



Roof b 

installa^on of . . 

use with wall types 168 

Run-oS, definition and tfleet of na- 
ture of soil on 2 

Rural lines, ooets and revenue 232 

Sag and stress in line conducton 

formula curves and tables for. . 337 
charts for calculation of . . . . 194, 196 
Salmon River Power Company's de- 
velopment 106 

penstocks 110 

pipe line 106 

power house 110 

surre tank 109 

turoines 110 

Salt River Project in Ahiona IIS 

water wheds 119 

Service requirements of small sub- 
stations 234 

Sbortrcircuits 

calculation of for rday protec- 
tion 259 

maidmum sustained current 262 

natureof 262 

Siphons, features of 351 

Southern Power Company's 99 Island 

Station 84 

generating units S7 

section through station 86 

Spacing of line oonducton 186, 1S7 

Specific speed of water wheels 

defimtion of 27 

fonsulafor 27 

under diSermt helHls, curves fw 363 
SpUt-«onductor and t^y protection 

for cables 259 

Station building, cwistruction cost. 224 
Station and system layouts. {See also 
plant equipment layout.) 
Arrangements to charge each 

half of battery in paialld. . . . 397 
Atlanta 60,000 kva. outdoor 
substation of Georgia Railway 

and Power Company 385 

Battery arrangements to carry 
a. c. load in substation 4^ Bos- 
ton Edison Company 397 

Battery circuits to serve a. c. and 

d-csysteins 397 

Burlington Station of Public Ser- 
viceElectric Company bus lay- 
out 371 

Circuits for 60,000 volt station. 372 
Circuita for a 9,000 kw. station . . 391 
Circuits for 26,000 kw. sUtimi . . 373 
Circmte for 50,000 kw. station . 374 
Circuits for alternator excitos. . 394 
Circuits for an automatic sub- 
station 388 

Circuits for several lig h t n i n g ai^ 
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station and iystem layouts (Conlinutd) 
Connections for Btations, feeders, 

and subetations 370 

Connectiona to minimiae series 

transformers 398 

DiSerent treuuf omier conneotiona 

for generating stations and sub- 

Btaticais 371 

Exciter and battery layouts for 

^t«matora 396 

Exciter battery arMmgements . . 395 
Exciter bus and auxiliary battery 

connectiona for a. c. supply . . . 392 
Equipment for 2,250 kw. outdoor 

Bubslation 384 

Generating station connections 

for rating of 25,000 kw 370 

Generating station connectiona 

supplying induatrial plant .... 393 
Generating station of Louisville 

(Ky.) company 378 

Give-and-take power arrang&- 

ment for isolated plant 390 

Large station 60 and 25 cycle 

buses 369 

Layout for a large substation. . 395 
Long Beach Steam Station of 

S^them California Edison 

Company 381 

Method for supporting buses. . 382 
Oiling system for wat^-wheels 

in station of Pennsylvania 

Water and Power Company . . 399 
Outdoor Bubetation for steam sta- 
tion of Virginia Power Company 383 
Primary distribution tranaform- 

ervaulta 379 

Proper location of synchronoua 

condenser and booster 389 

Reactancea in bua sections of 

110,000 volt station 368 

Roof outleta for transmission line 384 
Rotary converter and booster 

arrangement in a New York 

city substation 387 

Rotary converter substation in 

Chicago 389 

Scheme to increase rating of gen- 
erators b}; ventilation 398 

Spei^ exciters for 40,000 hp. 

station 375 

Substation designed for three 

different volti^..... 380 

Substation with large storage 

battery annex 376 

Switch-house circuits for large 

station , , 375 

Transfer biis for electric railway 

substation 390 

Wiring for a Cleveland (Ohio) 

ttation 381 

Wiring for ewitche« and trans- 
formers with open-work buses 382 



electric plants.) 

Steel pole line, cost of 181 

Steel towers, types erf 182 

Steel tower and insulator costs 228 

Storage 

analysis by flow-summation ' 

curves 2 

curve of kw. per eu. ft. water per 
min. under varying heads. ... 9 

elements affecting 2 

energy stored at various heads . . 8 
in acre-ft. and kw.-hr. for various 

beads 6 

kw. in wat«r and kw.-hia. for 
t flow and storage at difl'er- 






output in kw.-hts. for different 

storage and heads 

to reduce waste-water 

for r^ulating stream-flow .,,... 

study of For particular site 

to utilise a given watershed 

value of water storage, example 



of. . 



Stream-flow 

deficiency in stream-Sow, a form- 
ula for 35 

flow-summation curves S 

hydraulic characteristics of a 

stream, determination of 32 

measurements of 4 

regulation of 1 

atream-load characteristics 30 

Substations 

arrangement of lines on outdoor 



. 295 



busbar materials for outdoor 

atruoturea 343 

data for pipes and tubing . . . 345 

deflection of tubing 348 

siie of tubing required 344 

clearances for live parts in out^ 

door designs 298 

construction cost 226 

equipment for small sises, 238, 239, 

240, 241, 242 243, 244. 
example of good construction . . . 293 

fuses for smidl substations 298 

industrial plant types 239 

outdoor, small ratings 239 

rating of tubing for buses with 

contact lengths at joints 296 

requirements of 292 

steel superstructure for 294 

unit costs 245 

Surge tank 

features of 19 

20 
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Swedish subteTranean station (Cim- 

(inuerf) 

generatotB S9 

Bection through station 71 

switch house 70 

turbines 69 

Switches, disconnectinK- (See dia- 

connpcting switches.) 
Switching at high voltage, oscitlationB 

from 283 

Switching and section alizing 

connections for psiralleiing high 

tension transformers 150 

floor space required for switching 

in station 166 

high tension ti'ansfer bus 150 

on low tension side 149 

use of non-aut^iniatic oil switches 149 

use of reactance coils ISO 

Synchronous condenser, use of 285 

proper location of 389 

System connections, layout of 147 

System operation 

competition of water and 

steam stations 16! 

ooet£ of energy from wat«r 
power plant with storage 

and asteam plant 162 

losses and efficiencies for 
porta of a particular sta- 
tion and syslem 179 

opo'ation of water power 

plants at low load factors 160 
siie and number of generat- 

ingstations 160 

Station efficiency for a par- 
ticular system 178 

Tables 

Stream-flow measurements. 4 

Enerjjy stored in water 8 

Relative costs of conduits 12 

Entry and bend tosses 15 

Inatulationa using Bingle-runner 

vertical shaft-turbines 25 

Coat of manufacturing energy. . 38 
Data on large western systems. 145 
Present day use of ataj and delta 

transformer connections 159 

Construction cosla, power plant 163 
Clearances for circuits and appa- 

ratua.-, 172 

Hydroelectric plant losses and 

efficiencies 179 

Coat of 33,000 volt wood pole line 181 
Cost of 33,IX)0 volt steel pole line ISl 
Unit costs of two wood {wle lines 183 
Unit construction cost for two 

steel tower lines 184 

Analysis of transmission line con- 
struction costs 184 

Comparison of conductivity of 

copper and aluminum wire. , , 185 



Tables iCotUimud) 

Physical properties of line con- 
ductors 186 

Mbimum separation of line con- 
ductors 187 

Data for bare copper and alumi- 
num cable 188 

Specifications for suspension in- 
sulators 201 

Resistance of grounds 213 

Volta«e ratings and limits of elec- 
trolytic arresters 214 

Gap settings tor arresters with 
and without charging resist- 
ance 214 

Adjuatments for arcing horns.. 217 
Representative costs for hy- 
draulic plant construction. , . . 224 
Cost of substations of large and 

smallratings 226 

Cost per mile of telephone lines. 226 
Tranemisaion line costs for wood 

poles and metal cross arms. . 229 
Investment for rural lines.... 231 
Coat and return for rural lines, . 232 
Cost of substation construction 

to serve cotton-eocd oil mill. 239 
to serve chemical fertihier 

works 240 

to serve cotton bagging mill 240 

t« serve fertiliser null 241 

to serve cotton oil mill 241 

to serve auto tire works 242 

to serve cotton oil mill and 

pn 243 

to serve kaolin mine 243 

to serve a silk mil) 244 

to aerve a cotton mill 244 

Cost of typical substations 245 

Net coeta per kw. of equipment 

for outdoor substations 247 

Resistance, inductance and im- 
pedance of overhead lines. . . . 260 
R^istance and impedance of 

cables 261 

DiraensioQB and ratings of tub- 
ing with contact lengths 296 

Clearances for outdoor substa- 
tion design 298 

Oil switches for use with switch- 
boards 304 

Cost, resistance and area of 

stranded steel wires 313 

Comparative steel and copper 

transmission line costa 314 

Properties of copper and alumi- 
num stranded conductors. . . . 338 
Properties of bus bar materials . . 344 

Current densities for tubing 344 

Fbyaicol and atructurol proper- 
ties of pipes and tubing 345 

Cost of electrical machinery 357 

Data for bore copper wire 368 
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Tables (Cmttiftued) 

Bureau of Standards data on bare 

copper cftblea 3 

Decimal equivalents of inches of 

wire gauges in mills 3 

Conversion factors for hydraulic 

work 3 

Nomenclature for hydroelectric 

developments 3 

Key to symbols in formula. ... 3 
Maximum transmiasion voltages 

in United States 3 

National Electrical Safety Code 
t£Bt voltages for wet and dry 

flaah-over of insulators 4 

data for copper wire 4 

loadings for conductors 4 

wind pressure for condue- 

vertical loads for conductors 4 
Data on traiiBmission systeme of 

the world 4 

Tallassee Power Company's Station on 

Yadkin River 1 

design of dam 1 

new power house 1 

turbmes and generators 1 

Telephone lines for transmission sys- 

arresters, construction of 3 

installation and inspection . . 3 

balanced transposition 3 

coats for system of Georgia Rail- 
way and Power Company. ... 2 
dang^us voltages, protection 

against 3! 

drama^ required 3 

insulation required 3 

operating results with full pro- 
tection 3 

protection for telephones 3 

troubles when near high voltage 

Temperature, effect on deflection of 

conductors 3 

effect of on transmission lines. , . 1' 
Thomas chart for calculating sags 

and stresses 1' 

Towers, types for transmission lines. 1: 

coat of: 2 

cost for system Georgia Railway 

and Power Company 21 

foundation cost 228, 21 

loads on, calculation of 4t 

protection against corrosion 41 

strength of 402, * 

Tubing for buses, contact lengths at 

joints 21 

Tunnel excavation coals Z 

Turbmea. {See water wheels.) 
Transformer station connections 

features of star-delta, delta-delta, 
and star«tar ! 



Tranaformers 

advantages of star over delta con- 
nections 157 

connections lor 156 

efficiencies at different loads .... 17S 
effect of high frequency l^tning 

strokes on 221 

indoor and outdoor types 164 

isolating to reduce arcing grounds 217 

layout and rating 154 

methods of coohng 165 

oil switches for 249 

oscillations from high voltage 

switching 289 

protection for distribution units, 110 

removing terminal boards 232 

shifting of static neutral 282 

star-star, delta-delta and stai^ 

delta connections 158 

star and delta connections used 

by different companies. 159 

teats by Commonwealth Edison 

Company 219 

use of arresters with 220 

voltaf^ r^ulation of lines 285 

Transmission lines 

arresters for telephone lines par- 

alieUng 319 

bo-arrow cross arm construction 

costs 229 

Bureau of Standards National 
Electrical Safety Code Con- 
struction rules 400 

calculaUon of line problems 

characleristics of iron and 

steel conductors 310 

chart for aluminum cable. , . 196 
economical size of conduc- 
tor, diapam for 276 

Ferranti effect in lines 277 

graphical method 189 

loaaing data of National 
Electrical Safetv Code 409, 410 

natural line impedance 280 

Pender chart for 196 

sag and stress formulie and 

tables 337 

sags and stresses 194 

single and two-phase prob- 
lems 192 

Thomas chart for 194 

voltage limited by corona. . 278 

Wilkmson chart tor 190 

charging current of Ime 284 

conductore 185 

cable data 188 

conductivity of copper and 

aluminum 186 

height of supports, effect of. 196 

ice and wind, effect on 195 

iron and steel, use of 309 

Kelvin's law for economical 
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TranamiBsiui lines {Continued) 
coadncUm (Ccmjinued) 

minimum separation 1 

physical properties 1 

sag and stress, chsrt for a»l- 

cuiation <rf 1 

sac and stress fonnula and 

tables 3 

anlection of iron wire for. ... 3 

eizee of I 

spacin([of 1 

sU«l vs. copper 3 

temperature, eflect on 1 

cooatructioD costs 180, 2 

corona, effect on voltage 2 

costs for wood pole and steel pole 

lines l: 

cuirent carrying capacity 1 

features of 150,000 volt Gne i: 

Ferranti effect erf 2 

insulators 

altitude, effect on 3 

costs ot 2 

failures on lines 3 

flash over of suspenflian 

etrinf! of 2 

gUsa units 1' 

KTOunde on 2 

hot and cold tests tor 2 

limits of pin types 2 

locatinftlcftky unitsonlines. 3 

National Electrical Safety 

Code testing lecommen' 

dations 2 

observations on by Pennsyl- 
vania Water and Power, 

CfttDpany 2 

paths taken by li^tning at. 21 

pin types. . 1! 

puncture and flash over, rat io 

for a 

ralinf^, effect of altitude 2 

selection and testing 3 

specifications for einpension 

uniU 2 

suspension types 1' 

testing with McKRer 2 

troubles due to 20.1, 3 

Kelvin's law for economical con- 
ductor siie 2' 

labor costs in construction i: 

metal cross arms, groundiug vs. 

insulating 2 

natural hne impedance 2! 

oscillations from high voltage 

switching 2! 

poles and towers, types of 11 

resistance, inductance and im- 
pedance for overhead circuila 

and cable 260, 2( 

shifting of BtAtic neutral 21 

steel pole line, cost of 1! 

structures II 



Transmiwitm lines (Conlimied) 

switching and sectionaliong . . , . 149 
synchronous condenser, use of . . 2S5 
system of connections for paral- 
lel operation 151 

telephone lines on 317 

tower lines, cost of 183 

transfonner connectiraia used by 

different companies 159 

unit costs per mile 1S3 

voltage regulation of line 2s.'i 

voltagcsof svstemsinU. 3 367 

weather ana altitude effect cm 

line operation . . 280 

Transmission system, features of 366 

Transmission systems, data iHi lines. . 413 
data on station equi{Mnmt 417 

Unit costs 

for building construction 223 

for equipment 223 

for hydroelectric system 222 

for substations 226 

for transmission line construction 225 

Utah Power and light C<Hn)>any's 

Grace station 122 

secti<Ni through station 120 

transmissifHi system 121 

Vancouver Island Power Company's 

Jordan River development... 126 

generating units 12S 

section through station 1Z7 

Voltage, highest used for transmission 189 

regulation of lines 285 

Voltages of transmission evwUaim in 

UTs 367 

Wall and roof bushing 

conditions where both are re- 
quired 168 

mounting for 120,000 volt roof 
bushing 169 

mounting of 60,000 volt wall 

bushing 170 

Water level indicator for forebays. . . 331 
Water hammer 

curves of pressure increase for 
various leiwtha of pipe and re- 
tardation offlow IS 

curves showing excessive strain 
due to stopping flow 33 

formula for excess premure due to 18 

hoop tension in pipes due to 19 

pressure due to suddenly closed 
valves 18 

relief with surge tank 20 

thickness of steel pipe iae various 
diameters and heads 34 

velocity tA press\ire wave with 
water hammer ig 
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Water wheels 

characteriBtics of 

draft-head (or 

effective draft tubes for 

effect oi frequency of generator 

on wheel ap^ 

efSciency for different loads 

impulse wheel 

influence of head on wheel speed 
inst^iations using single runner 

turbines 

msnmum speed tor 

number of runners 

oiling system in station of Penn- 

Slvania Wato" and Power 
>mDany S 

power delivered by 

rating and speed, selection of ... . 

rating in kn, per runner for low 
spi^ Francis units at various 
heads 

rating in kw, per runner and per 
nozile stream for hif^h speed 
Francis and Pelton units at va- 
rious heads : 

reaction turbine ! 

relation of reeistsnce and power 

towheelspeed 

relation of wheel and generator 

ratings 

special designs in service 

bronze runners, two horizon- 
tal wheels on one sliaf t ... ' 
bronie runners for horizontal 
wheels operated under 245 

ft. head I: 

double discharf^ single spiral 
horizontal units with fly- 
four honEoatal wheels on 

one shaft \ 

impulse wheels for head of 

1,375 ft 1. 

impulse wheels for 2,100 ft. 

impulse wheels operating 
under 1,900 ft. bead i: 

impulse wheels operated at 
400 r. p. m. under head of 

1,100 ft i; 

impulse wheels for silt-laden 

water 11 

Keokuk (Iowa) station sin^e 

single runner, high effinency i 

single runner vcrtieal 17,500 

hp. unit operated under 

head of 68 ft 11 

single runner vertical 31,000 
hp. unit operated under 
head of 180 ft i: 



Water wheels ^ConHnued) 

special designs in service (Con- 
tinue) 
three runner vertical turbine 

for variable head 1 

twin runner, plate case, hori- 

vertical single runner 17,666 
* hp. units operating under 

526 ft. head I 

vertical, three ninner, vari- 
able head 

vertical turbines operated 

under 600 ft. head. . . . 101, 1 
vertical, two runner units. . 

specific speed of 27, 3 

speed regulation of 

speed variations of 

Weather and altitude effect on line 

operation 2 

Weights of elec trical machinery , curves 

for 3 

Western hydroelectric stations, data 

on 1 

Wilkinson's transmisHion line chart. . 1 
Wind presHurc on conductors 

curves for 3 

loading considerations 4 

position of conductors due to. . . . 3 
Wires and cable 

cable data compiled by Bureau 

Standards 3 

decimal equivalents of fractions. 3 
prnp equivalents of wire sizes. . 3 
National IClectrical Safety Code 

mechanical data 4< 

resistance, impedance and induc- 
tance of 2fi0, 2i 

wiiedataforNo. 4/OtoNo. 26.. 3 

wire gauges in mils 3 

Wiring in stations 

arrangement T 

clearances for ciieuila and appa- 
ratus V 

. switches and low voltage circuit 

wiring 1! 

Wisconsin Public Service Company's 

High Falls Development.,.. ' 

generating unif« • 

nigh tension buses ' 

power station ' 

transformers ' 

Wisconsin River Power Company's 

Prairie du Sac Station I 

generating imits 1 

power house ! 

Wood pole lines, cost of 1) 

staves for penstocks J 

Wrought-iron, steel and brass pipe, 
data for. 3i 
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AN INITIAL riNX Or 36 0BNT8 

WILL BK AnnsKD rott failure to rkturn 

THIS aoOK ON THE DATK DUC TMK PENALTY 
WrLL INCRKAKI TO BO CDITB ON THE FOURTH 
DAY AND TO fLOO ON THE KKVRNTH DAY 
OVERDUE. 
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